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In this book are presented basic physical
phenomena assumed as a basis for military appli-
cation of instruments of infrared technology;
there are considered certain elements of these
instruments, and also there are expounded questions
of military application of infrared rays for the
solution of separate tactical problems.

Construction and tactically technical data
of some instruments of infrared technology are
borrowed from the foreign press based on their
status in 1960.

This book is calculated basically for the
military reader, however it may be useful for a
wider circle of readers intere3ted in the de-
velopment of a means of technology of Infrared
rays.
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PREfACE

The technology of infrared rays is a divisior of contemporary physics and

electronics, embracing questions ca radiation, propagation, and registration of

infrared rays, and also their practical use in research laboratories, inaustry,

and military matters.

In this book are considered physical phenomena connected with radiation,

propagation, and registration of infrared rays; it presents generalized material

of works in the re- on of military application of infrared rays and makes an attempt

at analysis of the promising developments in this comparatively young region of

military technology.

The book consists of two parts. In the first part, including six chapters,

are conside -ed questions of physics and technology of radiation, propagation, and

registration of infrared rays, and also certain elements of military instruments

founded on the use of infrared rays. Irl this respect •he first part is introdu. tory

for the s-iond, including six chapters, where an analysis is made of the development

and contemporary state of instruments of infrared technolcgy applied by foreign

armies.

In the second part the greatest attenti 'n is given to questions of intelligence,

detection, and aimn~ng with help of instruments of infrared teehnology, which i not.

sufficiently illuminated in do-nes' ic I terat.u~e.



The size of thf book did not allow authors +.e) consider adjacent 9, s-ion3

conce ning principles of construction of instrnments of infrarec- technoŽogy,

Luminnescence, electron-: and geometric optics, the error of these sysLems luring

construction of th, image, and sev ral other questione. With respect to --Be

questions tl-e authors refer the readers to corresponding courses of optics and

physics.

In this book _±l concrete examples, con erning consLru tive e±c~utLons,

technical and tactical appraisals and characteristics, and also prospects of de-

velopment, are based in material of foreign technical literature. The list of

literature used is given at the end cf t. e book.

The author, thank FEngineer-UAeutenant Colonel I. F. Usol'tsev for a number

of valuable indications during the editing of the book, Doctor of Technical Sciences

1. Z. Kriksunov, and Candilate of the Technical Sciences M. A. B-azson, for taking

on the labor of reviewing the book, and also Fgineer S. V. Yuakevich for atten-

tively examining certain chapt-rs of the manuscript. Their advice dat considered

luring final editing of tne manuscript.

During work on the book Chapter IX (Sections 1 - 3) and Chapter X (Sec'!

1 - 2) were written by B. V. Tyapkin; the remiining chapters by Yu. A. Iva.io-



INTRODUCTION

In the period of the Second World War in the arming of armieF of the fighting

states there began to appear various instruments facilitating the conduct of combat

actions at night. Among them, in the first place, one should include radar and

heat-direction finding equipment and instruments of night vision. ALready the first

application of infrared instruments shcwea promise for the solution of a majo-ity

of tactical problems on land, in the air, and on the sea during favorable mete-

orological conditions. Therefor;, in the postwar period the volume if works in

the region of military application of infrared instruments has sharply inczeased.

Simultaneously they began to develop tactics of their application in troops and

intensely to equip, with infrared equipment, the Army, the Air Force, antiaircraft

defense, and the Navy.

Large works in the region of military application of infrared rays are con-

ducted in the United States, Wigand, France, Italy, the Federal Republic of

G>.rmany, Sweden, Japan, Switzerland, and in certain other countries.

The signifiLant interest toward infrared instruments is caused by the advantages

which infrared radiation possesses as comr-red to the electromagnetic oscillations

of radar and light ranges of wave lengths.

1. infra- 3d beams are radiated by practically all bodi-! h~vinF- a te, -era-.

other than a solute zero. Cons-qut itly, Lnfrared instruments can b( a passive



principle of action and do :no* require, ý'.r detection o target, its irradiation

by electromagnetic energy.

Lnfrared rays are not detected by the eye, therefore, boti, passive and

a-tive instrtmnents of infrared technology t-rtnot be detected by ar enamy not &rmed

with correspondiLg eclipment.

3. Since the transparency of the atmosphere is better for infr.ired rays than

for visible ones, it allows us to increase the range of infrared instruments as

ComLpared to optical and, what is most important, allows us to carry out observation

of targets at night in the absence of their visual visibilit'r.

4. With correct selection of range of.-.ectral sensitivity of passive infrared

instruments, losses of radiation energy in the atmosphere are proportional to the

square of distance, while losses of ert.gy of electromagnetic oscillations cf radar

instruments a. e proportional 'o the fourth degree of distance. This allows us to

create infrared instruments which are simpler, with less weight and smaller

dimensions than radar of the same purxse and with the same ranp-.

5. Simplicity of construction, naturally, determines higher reliability of

infrared instrnments as compared to radar equipmen'

6. The passive principle of action and the presence of the possibJlity, by

simple means, to free themselves from the hindering effect of the background

(selection of target) make infrared instruments less subject to interferences on

the part of the enemy as compared with radar stations.

7. Using for their work electromapnetic oscillations of a rar•.g of waves

between visible light and millimeter waves, infrared instruments, while yielding

in reeolving power to optical systems, sigiificantly exceed radars in this respect.

Thus, for instance, although radar stations witl a 3-m range of waves and with

an anteruia diameter of 30 cm allow us to resol -e from a range of 8,000 m tw targets

at a distance of 4OG-5OO m, a heat-direction finder with mirror 7.5 cm in diameter

and a jhotoresistor of PbS allowtý us to observe from thý same range separate motors

of an a'rcraft located at a distance of 8 m from each ot!.er.



Still higher resolving power have electr-nir optical sxrgms, ensuring the

rbservatior of objects in infrared rays almost with n*hotopraphic clearness.

However, such fundamental deficiencies of inrtrared methods of rm-inp as the

practicai impossibility of their work in unfavorable meteorological conditions (fog,

overcast), ajid also the difficulty of t~arget range measureme'nt force us to apply

them in combination with radar technology.

Nevertheless, in spite of these deficiencies, in the ariirg, :P capitalist

countries there have appeared- in ever increasing quantities, infrared instruments

for solving, in combzration with other means, the following problems:

1) Tactic t.l and strategic intelligence,

2) 'The guiding of rockets and missiles to heat-radiat ng targets,

3) Noncontact blowing up )f ammunition near target,

4) Detection of heat-radiLating targets at night and aiming by them,

5) Navigation,

S) Communications and signalling between units,

7) Pro'ection of military objects andc the blocking of narrow sections oC

country.

Along with the solution of these problems there in; conducted also intense re-

search in the region of the use of infrared instruments for the needs of antimissile

defense, intelligence from space, and communn.ations in space.

I I I I I I I I I I I I I I I IC;



PART I

PHS•ICk. BASES AND ELEMNTS OF INSTRUMENTS
OF IMUMD TECHLOGTY



CHAPTER I

BASIC IDEAS ABOUT RADIATION

1. Nature of Radiation

Radiation we understand as the transfer in space from one body to other of

energy either witi the help of particles of matter ( p and a -radiation during

radioactive decay), or with the help of an alternating electromagnetic field

(V -radiation, x-radiation, light, infrared rays and radio waves).

From all the variety of forms of radiation there will subsequentily be con-

sidered only the so-cailed optical radiation, and in It, in turn, - the still

narrower region of infrared rays.

As any electromagnetic oscillation, infrared radiation Is possible to character-

ize by frequency v , wave length X and speed of propagation v.

Sometimes electromagnetic oscillations are lharacterized by wave number A,

under which we understand a number of wave lengths, p-cked in a section, equal to

one centimeter.

Connection between basic magnitudes of radiation is determined, as is known,

by ratios:
e

A

•--?. 1.2)

where c = 2.998 1010 cm/sec im the speed of light in a vacuum;

T is 'he period of oscillations.

Y'



ITn a medium, whose index cf refraction is not equal to unity (n -k 1), the

speed of propagation 2: electromagnetic oscIllati ns differs from the speed of light

in a vacuum

S= P(1.3)n

Ry comparing (1.2) and (1.3), it is possible Lo note that for one and the

same radiation the wave length will change depen' ing upon the medium, where prop-

agation of electromagnetic oscillations occurs, whereas their frequency remains

constant.

The range of waves of electromagnetic oscillations is very great -- from 10-11

to 3 -10 cn. Therefore, for the measuremnen t of wave length of electromagnetic

oscillations, along with well-+known units of length, we use the smaller ones:
0

micron (A ), millimicron (mu 1, angstron (A) and ex (x) (Table I.l).

Table I.l. Connection Between Units of Measurement of the Wave
Length of Electroaagnetic Oscillations

1 ,

Units m cm mm A X

Meter ........ 1 102 10 i06  i109 100 1013

1 Centimeter... 10-2 1 10 10 10' 10" IO10

1 Millimeter... 10-3 10-1 1 103 106 107 iO0

1 Micron ....... .0- 6  IO- 4  10-3 1 103 104 iJ

1 Millimicr in.. 10-9 10-7 10-6 10-3 1 10 104

i Angstron ..... 10--7 10-4 OO-i 1 10L

] x ........... 10-13 10-11 10-10 10-7 10-4 10-3 1

A wide range of waves of electramag: etic rad ation is conveniently presented

in the form of a scale broken down into separate regions, including oscillations

simlf .r in their properties, methods of obtaining, and methods of registration

F ig. 1.).



As can be seen from scale of electromagnetic oscillations, the region of

optica. radiation includes oscillation of wavws apprvximately from 1(! m p to 340

and the range of infrared ra)i lies within limits of 0.75-340M A.

Electromagnetic oscillation have dual character, i.e., possess both wave

pronerties and corpuscular.

ooN 6
z IL

Fig. 4 .1. Spectr-z of electromagnetic oscillations.

*Based on contemporary di ta, this range can be expanded to 720-750 U , ,
up to submillim-ter radio waves.-Fditors Note.



dave electromagnetic theory of radiation explains well a series of optical

phernmena: interference, diffraction, )olarization, reflection, and refraction

of light rays. 'lowever it is contradicted by experimental eata during explanatIon

of phenomena, connected with interaction of radiation with substance; -- distributic

of energy in spectrum of radiation of heated bodies, photoelectric effect, light

scattering, etc.

A way out was found after publicatior
Tab , 1.2. Energy of Photons of

FlectrCIrQagretic Oscillations in 2.900 by Planck of the quantum theory

of Different Wave Length

of radiation. This theory carries the(1 ev = 1.59 •1lO 1 2 erg)

idea of iscretion (discontinuity) of the
Wave Energy of Photon
Length, . structure of matter to electromagnetic

______ ert ev

processes of radiation. According to this

theory the energy of elementary radiators).55 3-."1-1 2.14,

(atoms and molecules) can change only by0. 76 2.A6- i0- 1 2  1.53

J1.1umps, multiples of a certain value con-1 1.87"10- 1 2  1.17

stant for a given frequency. Such a1.3 .4.10-lO-2 0.91

minimumi (for a given frequency of radi-.• 0.62-10-12  0.39

ation) portion f energy Planck called a5 0. 37.10-12 0.23

quantum of energy,12 O.16" 10-12 0.10O

a ýa •', ((1.4)

where h = 6.6238-10- 2 7 erg-sec is the

univ r'sal Planck 's constant.

Later, in 1905, Einstein developed Planck's theory further and carriei the

idea of discretion of radiation to propagation and absorption of electromagnetic

wave. Radiat.-1on began to ,I-6 considered &B fLux of particles of matter - photons -

with energy .•v and mass

a ho " (15)"

• The Russian sultscript ... indiater-- "phot~or". -•xd.

IC)



c eqeq:ently, Iý adto ! ro-,- - i h i I- f n ir•-r • , ,-dia o ic . :

not onl]y aE a process of t.rarisfonat ior •,' one forr s- f -,ergy into another, tut

aa a transit ion of mat.tt-r" .mI a r .- ' 'ro a "o-r-r -f Iecl-r rnagnet.ic'

field, and conversely.

In Table 1.2 ar- presen'.ed values , onerp-y of photons with different wave

lengths.

2. .•_KnerrC CharacteristAcs of Radiation

Ap)plication of instruments of infrared t-chmolopT is based on registration or

quantitative measurement of energy, t*ransferable by electromagnetic wave from the

source of radiation to the receiver.

DeV.ending upon receiving devices and spectral_ composition of the radiation

subject to measurement, two systems oi units are established - energy ad light

technology (Table 1.3).

First system of units is universal and may be applied to the whole range of

spectrum of optical radiation; the second - light technology - may be used only in

the region of visible radiation and lo,,es meaning in the region of ultraviolet

and infra'red rays. Therefore, subsequently there will he considered only magni--

tudes taken in the energy system of units. Posignation of magnitudes is given in

the new terminology recommended by t,, e (Porugi+ t,-, of TF-chnical Terminology of the

Academy of Sciences of the U:;SR.

Radiant flux (It charact.erizes ;rwor- ,,f .-,pt i I radidt ion ar,'I alIlows us to

.judge energy contont. of radiation hi' inr" t•'ti-a! in!ý*mfnen5,

4P (I' .6)

Is erew o radla.iA on.

in Ihe case of monoo'hroznt i i•ait ,r. r.01 ani lux is est.mat~ted by the

spectral power of the enerpy of ra( ia' ion. fa,(- riourc',s cf o(t ical radiat ion having

continuous sp,.-triz"i, the to! •' radiant f£' Y.-.ee: hn, hP irea # w.r



rspectral curve of radiation and *.he axis of abscissas.

* __4dA" (1.7)

Table 1.3. Light Technology and Energy Systems of Units of Measurement
of Radiation Energy

Systems of Units

Designation of Light Technilogy Energy
Magnitude

I"uignation Unit Designation Unit

Total energy LighL. energy lu.sec Energy of W.Sec

Radiation
Energy per unit of Luminous lu Radiant w
time flux flux

Energy per unit of Liuminous cp Radiation w

time and on a unit intensity intensity sterad
of solid angle

0 Energy per unit of Lightness lu Density of w
time fro a unit of ZT, Radiation

- surface CZ
4J

- Energy per unit of Brightness stilb Radiance w
time on a twit of czsterad
solid angle from a
unit of surface

Energy on a unit of Luninous lu/w Radiation
supplied power efficiency yield

Energy on a unit of Quantity of lux'sec Quantity of w-sec
area illumination Irradiation =2

Energy on a unit of Illuminance lux Irradiance w
area per unit of

v timecm

Radiant flux is measured in units of power, and in some cases its power is

compared with the power of particle flux, expressed in ev/sec. In this case

transition to the usual umits of power can te carried out, using the followinw

relationship, 1 w - 6.29-1020 ev/sec.

12



Table 1.4. Cornection Between Basic Units of Measurementof Power of Radiant Flux

Designation
ofsit erg/sec w cal/sec cal/minof unit

I erg/sec 1 C,9997"10- 7  2,389.10-8 1,434-10-6

1 w 1,003"107 1 0,239 14,34

1 cal/sec 4,185!107 4,185 1 60

1 cal/min 6,976-10 0,06976 0,01667 1

S,)mce '••" •,'a u' distribution of radiant flux is determined by radiation

intensity J. under which we understand the ratio of radiar.t flux to magnitude of

solid angle, in which radiation is evenly distributed. Therefore, sometimes the

idea "radiation intensity" is defined as angular density of radiant flux in a given

direction

This idea is valid only in a case of radiation of a point source. However,

in practice, with sufficient accuracy, this idea can be used also in a case of

sources whose linear dimensions are sign4 ficantly less than tVe distances at which

their radiation io taken.

Magnitude of solid angla w may be defined as the ratio of a surface, cut by

a cone with a sunmmit in center of sphere, to the square of its radius

a (1.9)

For a unit of solid angle is taken steradian - a solid angle, to which on the

sphere of the unit radius there corresponds a surface with an area eq'ial to unity.

A solid angle, embracing all space around a point source ol radiation, is equal to

4 ,. Therefore, with equal distribution of radiant flux in all directions, radi-

ation intensity in a given direction may be calculated by the formula

= _0 (T.10)

23



In the case of nonunifom distribution of radiant flux in space it is necesdary

to introduce the idea of average-spherical (average-hemispherical) radiation inten-

sity, under which we understand radiation intensity of a source with equal distri-

bution of radiant flux, whose magnitude is equal to the radiant flux of a source

with nonuniform distribution.

From the resulting expressions can be made one very important concusion in

order to understand the essence of the work of rouroes of radiant flux: the magni-

tude of full radiant flux of a given source of radiation cannot be increased by

optical systems. Application of optical systess allows us only to redistribute

radiant flux frem one direction to another.

When determining radiation of real bodies of different configuration, the

celculation of radiant flux and radiation intensity presents well-known difficulties.

Therefore, in Table 1.5 are given characteristics of radiation of sources of the

sinplest form, which in a number of cases, by means of combining, can simplify the

calculation of radiation of sources even of a more complicated form.

Table 1.5. Characteristics of Radiation of Bodies of Simple Form

Form of Source Radiation Radiant Average-Spherical
of Radiation Intensity Flux Radiation Intensity

luinescent Disk 0 --. c..J I' -J*

Luminescent Sphere 3_7'= cocet

Luminescent Hemisphere ,7 -- (+mo.a) *a 2 2

Lmuinescent Cylinder J. sng

Luminescent Cylinder j- 20(1+ 2Je"

with spherical end
+esi+J.on au +3. + J.

NOTE: J9 is radiatior, intensity in a direction normal to the radiating surface,

.1 is radiation intensity at an angle of 900 to the axis of a cylinder,

Sis radiation intensity at angle a to normal.

1|



Density of radiation J? characterizes surface density of radiant flux emitted

by the surface of a given source. Quantitatively it is equal to the ratio of tot&l

radiant flux inside solid angle 2a to the area of the radiating surface:

AS "

Radiance N characterizes surface density of radiation intensity in a given

direction or, in other words, this is Lhe ratio of radiation intensity to the area

of projection of the radi&Ling surface to a plane (Fig. 1.2), perpendicular "o a

given direction:

AScosc" (1.12)

For surfaces whose radiation obeys the law of Lambert and, consequently, does

not depend on direction, the magnitude of radiance also does not depend on direction.

For such bodies, dependency between radiation density and radiance takes the form:

R :=S-fl. (1.13)

Irradiance & characterizes surface density of radiant flux incident on a

given surface. Numerically it is equal to the ratio of radiant flux to the area of

irradiated surface, on which it is evenly distributed

40 (1.14)

Expressing radiant flux through radiation intensity, we obtain

S~(i.15)

The last equality shows that

irradiance of a surface, created by a

point source, is reciprocal to the square

of the distance between irradiated surface
Pig. 1.2. Determination
of radiance. and source and depends on the angle be-

tween direction of radiant f•1x -- nd the

normal to a given surface (Fig. 1.3).

For surfaces whose radiation obeys the law of Lambert, irradiance is connected

with radiation density and raaiance by the following relationships,

I I I I I I t t t i , 5



(1.16)

a (1.17)

Quantity of irradiation 4W determines energy content of radiation falling on

an irradiated body for a definite time,

This idea finds wide application in different photochemical processes, and,

in particular, in photography, where quantity of reacted substance is proportional

to the power of incident radiation (irradiance) and the time of action.

Radiation yield I.a determines

effectiveness of one or another source

of radiation, in which there occurs

transformation of some form of energy

into energy of radiation. Quantitatively
Fig. 1.3. Determination
of irradiance of a surface. radiation yield is determined by the ratio

of radiant flux radiated by a source to

the power supplied to it.

S(1.19)

If one were to determine the effectiveness of a source of radiation with

respect to some definite receiver of radiant flux, determining the effectiveness

of the use of spectral energy of radiation of a given source, then, considering

(1.7) and (1.11), we obtain

(1.20)

where 1, and l, are boxmdaries of sensitivity of the receiver of radiation,

P& is spectral intensity of radiation density of a source in the range

of sensitivity of the receiver,

S, is spectral sensitivity of the receiver.
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3. Spectrum of Optical Radiation and it9 Image

Under spectrum of optical radiation we understand the ordered location of

separate monochromatic radiations by wave lengths. Such location can have the

form of a continuous curve and separate lines or bands between which radiation is

absent (Fig. 1.4).

In the first case they have something to do with a solid (continuous) spectrumn

of optical radiation, consisting of an infinite number of lines continuously

following one after another. This form of spectrum is characteristic for radiation

of heated solid and liquid bodies. In certain cases, for instance at very large

pressures, a continuous spectrum is created by the radiation of gasiform &tos and

molecules.

In the second case the spectrum of radiation wilA be called either line or

band.

Line spectra consist of separate thin lines distinctly divided from each

other. Such spectra are radiated by excited atoms or ions, at such a distance from

each other that their radiation can be considered independent. Therefore, heated

gases or vapor at normal pressure always give line spectra.

F~nd spectra consist of a large number of closely located lines, forming

separate, clearly differentiated bands. These spectra appear during the study of

molecules of gases consisLing of two or more atoms, with such a distance between

molecules that their radiation can be considered independent. Therefore, band

spectra are radiated by polyatomic molecules of heated gases, whose temperature still

is insufficient for dissociation of their molecules into atoms or ions.

If radiation is formed an a res.--,t of 3r•veral different processes, then mixed

spevtra can be formed. An example of such a form of spectra is the spectrum of

radiation of an electrical arc, gas-discharge tubes of high and super-high pressure,

etc.



Besides such division, a spectrum of optical radiation is sometimes conveniently

subdivided by the nature of appearance and methods of its registration. Such a

classification in shown in PFi. 1.5, where, besides the nature of radiation and the

receivers for its registration, there are indicated sources of radiation, and also

wave lengths, frequency and wave numbers, corresponding to some spectrum of radiation

Fig. 1.4. Types of radiation spectra.
1-Line; 2-Band; 3-Continuous; 4-
Mixed.

In practical application of infrared instruments there is always actually

measured the irradiance of the receiving device, created by the measured radiation.

Therefore, it is more correct to talk, not about the spectrum of radiation, but

about the distribution of irradiance created by a speetrsn of given radiation in

the plane of the receiving device. In this case, automatically considered are

losses of radiation in the thickness of the medium where measured radiation spreads.

If it is necessary to obtain data about the real spectrum of radiation it is neces-

sary to obtain data about the real spectrum of radiation it is necessary to do-

teraine losses in a mediu at a given distance and to introduce correction in the

obtained results of meaaurement of irradiance.

There can be practically recomnended three methods of plotting spectral curves

of irradiance.

It is possible to present a continuous spectrm (Fig. 1.6) consisting of

separate spectral lines located at equal and minute spectral intervals "a". For

every such line one can detam,-e L i--a- cedi- h/c-- 2 I plot jt on-- kU- %r, in

the form of an ordinate. The width of spectral intervals depends upon the structure

of the spectrum: the thinner the spectrm, the narrower mast be the spectral

intervals. The mas of all ordinates gives in this case the general irradiance of

the receiver, created by all the "ectrm of radiation.

18



I?- ___I- -,___I_ ;S- m P•tUJ 
1

ah.VS~OI Sw•~ b., CM MN

-- i--- "h -Oei 1*ti of 5,,.t b.W of

:aam .a. .d re,9aw ptcl

o t.111aIS.. of.

balwntw

%"unofi• o+O

zz-~ _ _ I 
_ _ _

Fi.1.5. Spectr~m of optical radiatos

Fig. 1.6. Methods of plotting spectral curves of irradiance.

Another method of plotting a opectrim of irradiance consists of plotting

irradiance of separate spectral intervals in the form of rectangular plateaus ffb".

Wave length in this case is taken in linear scale. The area of a rectangle equal

to the product of eL'. is the measure of irradiance created by radiation at a

given wavelength interval. Since magnitude Al has a dimension of length, then

for the product of e pl to have dimension of irradiance (w/r=2 ), spectral inten-

sity of irradiance e& should have dimension of v/&m3. Its nwerical value depends

on the selection of a unit of neasurment of length of spectral interval. Thus,

if AX is expressed in millimicrons, then in order to recalculate irradiance in
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w/cm2 for a ieve 1wgth interval expresed in cu, to a magnitude of irradiance in

w/ca 2 for awave ength interval in Uu., it is necessary that all ordinates be do-

creaed in 107 times. Fbr instance, if 4 - 10 w/=, this corresponds to irradiance

1 microwatt/cm 2 for 1 no .

A spectrum, depicted thus, presents rectangle@ continuously following one

after the other. Their sn is the measure of irradiance created by the entire

spectru of radiation. Decrearing the width of spectral intervals, there can be

obtained at the end an envelope repeating all the details of the atructure of the

spectrum. In this case, the measure of irradiance is the area between the circle

and the axis of abscissas.

If along the axis of abscissas nonlinear scale Is applied, then, for the

purpose of preserving elementary rectangles as the measure of irradiance for the

corresponding wavelength intervals, it is necessary to chaoge simultaneously in

inverse ratio the scale along the axis of the ordinates.

The third, the intergal method of plotting the spectr•m of irradiance (Fig.

1.6 c) is characterised by the fact that to evry wave length will be added the

integral value of masured irrsAiance. Smmiation is produced fram the shortwave

boundar7 to the considered wave length. With such construction a continuous

spectrum of irradiance will be depicted in the form a* a monotonically increasing

curve. This curve allows us to determine the value of irradiance for any spectral

interal, but does not allow us to clarify the structure of the spectrum. Uimtationi

in selection of scale with such a method of construction of irradiance spectrum are

dropped.

By the above-considered methods it in possible also to depict line, band, and

mixed spectra. With an integral method of plotting line spectrum, the latter will

be in the form of a broken line.

Mixed spectra are very conveniently depicted by the method of rectazglesB, mince

it allows us to estimate enercr of continuous and line spectra by means of the

comparison of their areas.

I I I2i



CHAPTER II

SOURCES OF RADIATION

1. Clasification of Sources of Radiation

From the physical point of view a source of radiation energy may be any system

of matter, in which there occurs transformation of the energy suppl..a to it into

energy of radiation. In accordance with this, all sources of radiation energy it

is possible to break down into three basic groups - thermal, luninescent and mixed*.

To the first group belong sources for which radiation energy is the result

of conversion of thermal energy. It does not matter by what means thermal energy

appears: as a result of passage of a current in a medium, by means of chemical

reaction, or as a result of the conversion of mechanical energy.

The second group includes sources for which radiation energy appears -s a

result of excitation of atoms and molecules of a substance by some kind of external

exciter. Under luminescent radiation we understand optical radiation of a body

above its thermal radiation at that same temperature, lasting more than 10-10 sec.

In the third group are sources in which both thermal and liinescent radiation

simultaneously assist.

"The =at .W94 ,upmad group of radiation sources in nature are thermal sources.

The power of their radiation depends on temperature, dimension, and surface proper-

tiem of the radiating body. At a given temperature and surface magnitude the

*Considered are sources of incoherent radiation of the optical range of waves.-

Editor's note.
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properties of a body from the point of view of radiation can be simply determined

by absorbing ability air . Depending upon the character of the change in magni-

tude of the absorbing ability during a change in temperature of a body and the

wave length of radiation incident on its surface, thermal sources of the radiation

can be of three forum:

1. An ideal black bod,, for which absorbiM ability does not depend on wave

length of radiation incident on it or on temperature of its surface and remains

always equal to unity. Such a body, as computed to other bodies, has the biggest

missive power of radiation at a given temperature for all wave lengths.

2. A S body, for which absorbing ability, while remaining less than unity,

depends on temperature, but does not depend on wave length of incident radiation.

3. A selective-abeorbint body, for which absorbing ability, while remaining

less than unity, depends on wave length of incident radiation and on temperature

of body.

2. Radiation of an Ideal Black Body

An ideal black body (AChT), although it does not exist actually in nature, is

of interest for two reasons: first, it, at a given temperature, radiates maxima

energy content and, secondly, Its radiation may be calculated theoreticaliy.

Furthermore, radiation of an ideal black body possesses properties which are

absent in mwa cases in radiation of real bodies, but are namely;

a) Radiation of an ideal black body is nonpolarized,

b) It will obey the lai of Lambert, and, consequently, the magnitude of

emissivity of an ideal black body in all directions In identical,

c) 1issivity of an ideal black body is proportional to the square of the

refractive index of the medium in which radiant flux spreads,

d) Radiation of an ideal black body dspends only on wave length and tpeerature,

for which fbzu of basic functions of radiation r,.-t(T) and rj -f. ().T) haa uwnversal

character.
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A model of an ideal black body with a very high degree of approximation can

be made in the foru of a closed box with a small hole, walls of which are evenly

heated to the necessary temperature (?U. 11.1).

Getting into the hole of the box, the radiant flux, after multiple reflection

on internal surfaces of the box is practically completely absorbed and only

accidentally, with vanishingly minute energy, can merge from the hole.

If, however, we heat the walls of

the box, then its hole will behave as an

ideal black body with an area equal to

the area of the hole. Besides, i spite

-= M -of the fact that the internal surface of

the walls of the box will radiate in

Fig. 11.1. Dagam of models accordance with the properties of the
of an ideal black body.

material, full radiation of the box

through the hole wi not depend on the material and properties of the walls, if

the temperature of its separate parts is identical.

Radiation of an ideal black body may be calculated in accordance with the

following laws.

Kirchhoff's Law

Kirchhoff's law indicates that the ratio of radiation and absorbing abilities

of the saw point of a body, for the same wave length of radiation, the same

direction, and at a given temperature for all bodies is constant magnitude

wit 'r lw.r ••
a-ir - const. (II.1)

In the case of an ideal black body (a., - 1) equality (II.l' will take the form

E (11.2)
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7quality (71.2) mathematically connects radiation of an ideal black body with

"the radiation of real bodies. As can be seen, emissivity of any body is equal to

the product of emissivity of an ideal black body and the absorbing ability of a

given body.

Kirchhoff's law is valid for any bodies, including gases, if they create a

purely thermal radiation, however, i r.ll not apply, if onto thermal radiation

is added luminescent.

The Stefan - Boltzmann Law

Integral den-sity of radiation of an ideal black body is proportional to the

fourth degree of its temperature

.*= ar. ((11.3)

where a - 5.672 • I0 - 2  d is the radiation constant (Boltzmann constant).

T -tVC + 273 is absolute temperature of the body.

For a body with area S (in =2) density of radiation will be determined by

releationship

aST- . '.( .k)

From formula (11.3) it is clear that the temperature of a body renders a

decisive influevce on the magnitude of radiation density of an ideal black body;

thus, for example, an increase of absolute temperature of a body 2 times leads to

growth of its radiation 16 times.

Expression (I1.3) determines radiation density of an ideal blick body with

surface S = 1 m within limits of 4 hemisphere. For determining radiance of ideal

black body - within limits of solid angle w, the axirt of which ccnstitutes angle

a with normal to heat-radiating surface S, it is necessary to iLe expression

(1. 5)
r=" SaoT cosat.
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P1anck's Law

Distribution of energy in the radiation spectrum of an ideial Ilack body is

described by Planck's law, whose matheuatical expression has the form

4, -1

S'(e -] (11.6)

where I is wave length,

Tie absolute temperature,
c= 3.740 102 2

c2 - 1.438 cm - degree.

C 4 U B I i 14 16 15V0Lutv Isei #a

Fig. 11.2. Spectral intensity of radiation
density of an AChT (Ideal Black Body) at
various temperitures.
KEY: (a) w'cm-1 

i ; (b) Wave length A.

The course of curves of spectral density of radiation of an ideal black body

(ACh?), calculated by the formula of Planck, for certain temperatures in shown in

Fig. 11.2.

Wien's Law

The osition of maxim=m of a curve of radiation at different temperaturws of

an ideal black body is determined by Wien's law (law of dealac.ment).

lu 5,.T-- 2896 A deog. (11.7*)

where kmaac is expressed in t .

*The Russian subscript "make" indicates "maxim•n". -Ed.
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Finding from (II.7) value X.-ac in cma and substituting it in (11.6) the value

can be obtained of spectral density of radiation at a point, correspon ing to A-mae

rwa 3 = 1,30 1. IO-"T- T 
( 8

3. Radiation of Reel Bodies

Radiation of real bodies differs from the radiation of an ideal black body.

Therefore, they are called "nonblack", implying with this term both bodies with

selective radiation and gray bodies.

As already was noted, radiation of these bodies, in the first place, is de-

termined by the behavior of the absorbing ability with a change of temperature of

the body and the wave length of incident radiation. Furthermore, when calculating

radiation of real bodies it is necessary to consider that they are not isolated

from each other and that, due to this, fluxes of their radiation energy consist of

proper temperature radiation and reflected fluxes of energy radiated by neighboring

bodies.

How closely radiation of a real body with a given wave length and at a given

temperature coincides with radiation of an ideal black body can be judged if one

were to introduce the concept of coefficient of emissivity e@r:

=(,.---T W(I.9)

where 4r' is spectral density of proper emission of body,

rv is speftral density of radiation reflected by body,

(r,,)AChT is spectral density of radiation of an ideal black body.

From the resulting expression it is clear that in a case of only proper

emission of body (rO, = 0) the coefficient of emi-ssivity is equal to the absorbing

ability of a gl--e body

In the presence of proper and reflected radiation it is possible to introduce

the concept of a coefficient of blackness 7. , under which we understand the ratio
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of full radiation of a given body to its temperature radiation

,T==7 1 W.(II.il)
'r

Comparing the resulting expressions, we will obtain

or = Trar• (11.12)

From expression (11.12) it follows that for exposed bodies with high surface

temperature (¥yThI)the coefficient of emissivity is equal to the absorbing ability

of a body, however, in the case of exposed bodies with low temperature or radiation

of internal cavities, the coefficient of emissivity and the absorbing ability of a

body can significantly differ.

For gray bodies, whose absorbing ability depends only on temperature and does

not depend on wave length of radiation, the law of integral radiation nay be

recorded, taking into account the coefficient of emissivity *, , values of which,

for different materials at definite temperatures, are presented in heat technology

reference books.

Although with the calculation of the radiation of gray bodies, the matter is

comparatively safe, since in this case it is necessary only to determine dependency

--1 =f(T), nevertheless, when estimating the radiation of selective radiating bodies,

it is necessary additionally to consider dependency *l(1).

A widespread material in infrared technology with selective radiation is

tungsten, whose properties are sufficiently well studied and are presented in

special literature [1, 2]. We will note only that very frequently it is required

to know the integral value of emissivity at a given temperature. These values can

be calculated by empirical formulas,

a) for low temperatures (below 1,000* K)

r-- ^X7i (11.13)

b) for high temperatures (higher than 1,0000K)

or 0,5737 V -rT- 0 1763prT. (11.14)

where Pr is specific resistance of tungsten in ohm • cm at temperature TOK.
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Since radiation of real bodies differs from radip(ion of ideal black bodies,

in order to be able to compare their radiation we use the concept of apparent

temperatures (peeudotemperatures). Under apparent temperature we understand the

temperature of an ideal black body whose radiation in a given spectral range gives

the same effect an radiation of a given body at its true temperature.

There are three such temperatures: energy To , luminance T. and color Ta.

Under energy temperature we understand the temperature of an ideal black body,

at which it has a radiation identical with a given body having true temperature T,

T.
Io (11.15)

Lminance temperature corresponds to the temperature of an ideal bl k body,

at which its brightness for radiation with a wave length of 0.665 A is equal to

the brightness of a radiating body with temperature T with that same wave length

I (11.16)

From formula (11.16) it is clear that luminance temperature may be determined

for radiation with any wave length if the value of the spectral coefficient of

blackness is known for it; however, in photometric practice its value is taken to

refer to wave length 0.665 A.

Under color temperature we understand the temperature of an ideal black body,

at which colorfulness of its radiation is identical with colorfulness of the

radiation of a real body with temperature T,

Ti = 0, -- jA,) ,a Tm. (11.17)

The difference between color and true temperatures is the result of selectivity

of radiation of different bodies. For gray bodies, for which the course of the

curve of spectral density of radiation is like the course of the curve of radiation

of an ideall black bd-y,, the- will b' no such difference.

Knowledge of color temperature of real bodies has a large value during

appraisal of integral sensitivity of receivers of radiation with selective reaction

since it characterises the qualitative side of radiant flux.
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4. Faectrical Sources of Radiation

Application of these or other sources of radiation energy as irradiating

devices in infrared instruments of active effect (with preliminary irradiation)

be.omes expedient, if they satisfy definite requirements, the chief of which are"

high efficiency in infrared region of spectrum,

duration of action and stability of radiation,

possibility of using jointly with optical systems,

convenience of ajustament of radiation conditions,

minimum weight and dimensions with sufficient emissive power of radiation.

These requirements are satisfied most fully by electrical incandescent lamps

(Table I. 1)

Table II.l. Characteristics of Radiation of Certain Radiators
in the Infrared Region of Spectrum

Distribution of Energy
General Density in Percents in Region

Source of Radiation Density, in Region of Spectn, .
1./cm2  0.8-2 At-

C4

0 .4

Gas-filled Tungsten Tube.. 0.0125 0.007 3.2 20.5 51.6

Electrical Arc ............ 0.034 0.024 12.8 54 26

Mercury Vapor Tube ........ 0.026 0.01 39 21 -

Helium Tube ............... 0.021 - 100 ---

Pin Tube .................. 0.0007 0.0005 60 20

Electrical Incandescent Lamps

In electrical incandescent lamps the energy supplied to the body of incan-

descence is expended on light and invisible radiation and losses on the bulb, gas,
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and holders. Nuerical values of these magnitudes for contemporary tubes of

different power are presented in Tatle 11.2 and show that electrical incandescent

lamps are economical and sufficiently powerful sources of radiation.

Table 11.2. Energy Balance of Eaectrical Incandescent Lamps

SEnergy
P, W T, *K Tapped Losses Losses Radiation Visiblelu/w by Holders, in on Outside Radiation,

Gas, % Bul o, % Bulb, %

25 2535 10.2 1.8 - 7.0 91.2 7

40 2710 i1.1 1.6 24.5 7.1 66.8 6.8

60 2767 12.8 1.6 22.2 7.1 69.1 7.6

100 2837 15.4 1.7 18.5 7.0 72.8 9.3

200 2878 17.0 1.7 13.7 7.2 77-4 10.2

500 2340 19.6 1.8 9.2 6.7 82.3 11.4

1000 2395 20.5 4.8 6 7.1 82.1 12.0

Spectral characteristics of the radiation of certain types of tubes are shown

in Fig. 11.3 and 11.4.

At present, industry is releasing a great assortment of electrical incandescent

lamps, data on which can be found in corresponding catalogs and light technology

reference books. When selecting them as sources of radiation enerEy in infrared

instruments, it is necessary to consider the character of operation of the instru-

ments, the necessary force of radiation, the time of operation, the possibility of

supplying electric power by available sources, etc. One should give special

attention to the selection of electrical incandescent lamps if they are intended

for joint work with optical systems, jince in this case an important, and sometimes

decisive factor, is the sise of the tube and its thermal conditions. This, first,

is connected with tee placement of the body of incandescence in focus of the optical
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system arid, secondly, with the cooling of the bulb of the tube inside a comparatively

s-11i volime of air in the fittings, closed, as a rule, by the infrared filter.

P'urbhermore, such tubes are reniuired to have high dimensional bightes, i.e.*,

ratio of lum~inous lInteniity of tube to area of incandescence.

14

:k 12

50 .Fig. 11.3. Spectral intensity of:4 (--1 :4,

KEY: (a) Emissive power of radiation of headlight and search-
A light tubes.

radiation - ----- per 50 A; (b) ME: (a) Haissive power of
A W a

Movie projection tube; (c) Illu-. radiation =2 per 501 A; (b)
minatin tube; (d) Wave length,,
A. ; Tel Volt; (r) Watt. Searchlight; (c) Headlight- (d)

'dve lengthpu;(e) Volt; (f5 Watt.

Electrical Arcs

In irradiation inistall'ations where it is required to obtain high radiation

intensity, simple and high-intensity electrical arcs are used (Fig. 11.5).

A simple arm will be formed between two graphiite electrodes, whose cathode is

source of electrons, and on whooe anode, as a result of bombardmient of electrons,

there will be formed a heated crater with temperature of an order of L;.000OX.

Radiation of such an arc is determined mainly by temperature of the crater, which

radiates nearly 85% of the energy, while the cathode radiates nearly 10%,, and the

flame - 5% of the energy.
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Brightness of simple arcs attains 18,000-20,000 stilb when fed by direct

current and 12,000 stilb when fed by alternating current. Laminous efficiency is

12-14 lu/w.

+ 
(c0 N, - -

"z W
,,," 'it'

O• )41,, U0U4 ,,. I4.,0ehl 42am

FU. 11.5. Spectral radiation Fig. 11.6. Spectral radiation flux
flux level of simple arcc. level of high-intensity arc.
KEY: (a) Radiant flux, %; (b) ME: (a) Radiant flux, %; (b) Wave
Wave length, M . length, m I (c) Ideal black body at

T - 50000K.

For improvement of light characteristics of arc it is necessary to increase

density of current between its electrodes. In such arcs, having the name high-

intensity, electrodes have a soft wick, i.e., core, consisting of 30-60% mixture

of fluoride salts of rare-earth metals, woot or graphite and up to 4% boric acid

(Fig. 11.6).

Brightness of high tensity ares attains 80,000 stilb due to adding the

radiation of a crater with a temperature of nearly 5,000OK to the pure temperature

of the luminescent radiation of heated vapors of rare-earth metals.

In connection with the higher temperature of a crater of such an arc, the

spectrum of its radiation will shift as compared to the spectrum of radiation of a

simple are in the direction of shorter waves (k.-0.6u ) . This also explains

the almost identical effectiveness of both types of arcs in the infrared region

of the spectrum.
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5. Radiation of Industrial and Military Objects

The activity of the overwhelm~ng majority of industrial and military objects

is connected with the application of energy installations, as a result of whose

opera•Aon a large quantity of thermal energy and, consequently, radiation energy

is released. These objects have a definite thermal cont.rast relative to the

surrounding background, due to which they can be revealed by instruments of infrared

technology.

In their properties and characteristics industrial and military objects can

pertain both to extended and to point sources of radiation. But in both the first

and second case the radiation of these objects depends on temperature, configuration,

and area of radiating surfaces, their mutual location and degree of blackness.

This causes a large variety in the radiations of effective objects both in power

and in spectral composition and space distribution of radiation energy.

It is natural that with such a variety of heat-radia' ug objects a general

criterion for appraising their radiation cannot be formulated. It is expedient

to estimate in each specific case the radiation of objects which occupy a large

area and have a very large quantity of sources of thermal radiation differing in

characteristics. Moreover the relative location of sources of radiation on an

industrial site can essentially change tentative calculations. Calculation of

thermal radiation should be made by analogy with calculation of radiation of non-

black bodies, considering these objects, with sufficient accuracy for practice, to

be gray and diffusely radiating bodies. Such eimplification allows the comparatively

simple estimation not only of integral radiation of an object, but also distribution

of radiation energy by spectrum.

Sometimes it is oxpedient to separate from a group of heat-radiating o' ects

in a considered territory one or two of the most powerful sources of radittion and

take their radiation as the radiation of an object on the whole. Error in



appraising radiation will be, in this case, less the more the difference between

temperatures of surfaces of selected objects and the remaining sections, and also

the smaller the area and the coefficient of emissivity of the latter. Such a method

of appraisal gives comparatively good results when determining radiation of

industrial objects of the metallurgical and metal-working industry, coke-chemical,

etc. factories, thermal electric power stations, and railroad junctions. On theme

objects, as a rule, it is possible to separate separate objects: blast furnaces,

hot-blast stoves, coke batteries, furnaces for firing ore, cupola furnaces, open-

hearth furnaces, dumps of hot slag, pipe, basins for discharging water, open boiler

units, locomotives, etc., whose radiation sometimes exceeds radiation of surrounding

objects many times.

If it is not possible to separate separate heat-radiating objects on an

industrial site, then it is necessary to apply the "zone method".

The essence of this more tedious

Saethod of calculation consists in the fact

that the entire industrial site is broken

down into separate sections (zones) with

objects having approximately identical

V temperatures and blackness coefficients

of their surfaces.
Fig. I1.7. To calculate radiation
of objects in a vertical plane. For these objects is determined the

density of radiation in horizontal and

vertical planes (sometimes this is necessary to produce also from different

directions). Having arranxed in a definite scale radiation densities of a given

zone in two mutually perpendicular planes, we conneAt their enos by a straight

line, on which, as on diameter, we construct a semi-circle (Fig. II.7). Then any

straight line conducted at angle q from point 0 to intersection with semicircle

will determine in that same scale the radiation density in the vertical plane at an



angle. Density c" ridiation of all of the industrial objective on the whole, to

whatever interesting direction, may be determined by means of geometric sumiatl~n

of vectors of radiation densities of separate heat-radiating objects in a given

direction,

A9 29(11.18)

It is possible similarly to estimate radiation and objects of military

technology. Calculation in this case is significantly simplified by the fact that

heat-radiating surfaces of military objects are concentrated in a small area and

are, as it were, local sources of radiation.

Actually, on ships basic sources of radiation are pipes and gas torches,

radiating radiant flux in the direction of the upper hemisphere; on tanks - the rear

armor plating under which is located the motor and exhaust branch pipe, for cannons

- the barrel heated during firing; for aircraft - motors and exhaust gases ; and

for objects flying with supersonic speed (aircraft and rockets) there is the skin,

heated up to high temperatures as will be shown below, due to aerodynamic drag.

As an example we will consider the peculiarity of radiation of aircraft

(aircraft and rockets), which are in this respect the most characteristic military

objects since in them are concentrated high energy capacity in a comparatively

small volume and there occurs radiation of both the motors and exhaust gases and

the sheathing of the apparatus.

For aircraft with piston motors basic sources of infrared radiation are exhaust

branch pipes, r'ases outgoing from branch pipes, and hoods of motors. Their

radiation intensity is determined, as in earlier considered examples, by temperature,

dim siont of srf-ced ....gre.e of their l-_ac1Gnou , and also Ni"neof corbu.tion

of fuel. Distribution of radiation energy in space is determined also by the degree

of shielding of heat-radiating surfaces by other parts of the aircraft.

Hoods of motors have comparatively low temperature (80 - i00C) and & small

coefficient of blackness (0.2 - 0.45) which causes the low intensity of their

I 
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radiation. However, derending upon type of aircraft, or more correctly on the

structural distribution of units of the power plant, radiation of hoods can spread

both to the front and to the rear of the hemisphere upward and downward.

Exhaust gases of piston motors include a large quantity of fine hard particles

of carbon hested to a temperature of 1,000-1,100,C. Their appearance in gas flow

is the result of incomplete combustion working, as a rule, with a mixture insuf-

ficiently enriched with air. The presence of such particlec in gas flow signi-

cantly increases its emissivity and ensures a practically continuous spectrui of

radiation of exhaust gases of a piston motor. The indicatrix -3f the radiation of

exhaust gases, us a rule, is extruded in the direction of the rear hemisphere and

along the trans.crse axis of the aLrcraft.

In the total balance of radiation of an aircraft with piston motors the

fraction of radiation of exhaust gases and hoods of motors oscillates froi 35 to

45%,. The remaining part (65-55%) is apportioned to radiation of exhaust branch

pipes.

E>haust branch pines of motors are disposed either under the center section

of ai aircrait or above it, along the longitudinal axis of an aircraft. Therefore,

propagation of radiation enerwy fra- the heated branch pipes can occur either in

the direction )f upper or lower hemispheres with - maximm of radiation along the

.!-Pjnsverse axis of the aircraft. Propagation of radiation in the direction of

.ront and rtar hemispheres, will depend on the degree of change of visible dimensions

of surface of Lranch pipes and dimensions of surfac-ea of elbow and branch pipes exit.

Temperature of branch pipes attains values of an order of 800-700C near

collector, being lowerea, by measure of approach to cut off to 250-3500C. Material,

from which a br.1 .ich pipe is prepared is heat-resisting steel oxidized in the process

of opezrtiag the aircraft. Therefore. th- backnees coefficient of the _,surfaces of

Lranch pipes is sufficiently great, attaininx values of 0.8-0.9.

ThL pr',s,'nteG data allow us in. the example cf a •-47, to estimate radiation

of an aircraft with a comparatively low capacity power installation.
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On the C-47 two exhaust branch pipes with a diameter of 15 cm and a length of

nearly 100 cm are placed under the center section from the external side of each

of the two motors. Radiation of one branch pipe along the transverse axis of the

aircraft will be equal to 1.94 * 103 w, and it spreads in horizontal or vertical

planes only to one side. The radiation intensity in a direction perpendicular to

the surface of the branch pipe will constitute a magnitude of the order of 620

w/fterad.

During appraisal .f total radiation

capacity of an aircraft it is necessary

to consider radiation of the two branch

pipes to all sides. Then the total

radiant flux due to radiation of only the

cylindrical part of two branch pipes will
Fig. 11.8. Indicatrix of the
radiation of a C-47 in the constitute
horizontal plane.

4--=2vDIsT-==13. 1O' w

Consequently, the radiation of all the C-47 wiil be equivalent to the radiation

of a point source with a power of

' ---0-. = 22. 108 w

Approximate distribution of radiation intensity of a C-47 in a horizontal

plane due to the radiation of branch pipes, exhaust gases, and hoods of motors is

shown in Fig. II.8.

Fur jet aircraft at subsonic speeds of flight a basic source of radiation is

the jet engine together with the extension pipe and exhaust cone (if their is one),

and also the jet of gases outgoing fro the noszle. In distinction from a piston

motor the spec~fic gravity of the radiation of gases here is significantly less due

to a fNller cm-u-sti-n of .14i at a surplus of oxygen and the absence, due to this,

in the gas strew. of hard heated particles of carb i. Radiation of the gis fracdion,
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in the form of two-titree atomic molecules, has a band spectrum coinciding with the

absorption spectrum of analogous molecules in tne air. Therefore, radiation of

heated vapors of water and carbon dioxide, separated in the biggest quantity during

full combustion of carbohydrates, does not play any noticeable role in the total

balance of radiation of the gas stream at low altitudes. However, it can render

noticeable influence at great heights where contents of CO2 and H2 0 are small

(Fig. Ii.9).

(a) !U1 - In literature [3, 4] is indicated

0_- that radiation of a gas stream of a jet

-- engine with a temperature of 1,200"K ha

; 44 - a maximm~ near 2 u.During emiasivit-

42e = 0.1 total radiation intensity of gas

'4. 4 5 stream constitutes 6.8.10-15 w.'g 2 -deg-.

Form of the jet of gas stream and
Fig. 11.9. Spectral intensity of
radiance of a jet of gases du-ing distribution of temperature in it are
combustion of kerosene fuel.
KEY: (a) Spectral intensity of shown in Fig. 11.10 [5).
radiance, w/cm2 • sterad • A .
(b) Wave length. In connecticn with this, radiation

of jet aircraft basically is conditioned

by radiation of the internal cavity of the extension pipe, the walls of which have

a temperature of the order of several hundreds of degrees, and open parts of the

motor (blades of the turbines, the exhaust cone).

Blades of the turbines are washed by the gas flow with a temperature of

700-7500C at a exhaust velocity of 300-400 m/sec. Therefore, if one were to con-

sider aerodynamic heating, temperature of the blades of a gas turbine can exceed

8000C, since with such a speed increase of temperature ir places of full braking of

gas constitutes a magnitude of an order of 45-8OOC [6].

In Fig. I1.11 are given experimental data [7) on temperature increase of air

in the compressor at altitudes of U1,000 - 25,000 m, which show that blades of
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turbines, on the end of it and examined through the exhaust nozzle exit of the

extension pipe of the motor, can have a significant temperature.

/* -- -r

Z 00

I.I

mW epa w efa A (d) - -

Fig. I.LO. Form of jet a) and Fig. 11.1.. Temperature increase
distribution of temperature in of air &long the axds of the
the gas strem of a jet enine comp•e•sor at heights of 11,000-
with traction of 300 kg b). -25,00C a.
KEM: (a) Temperature; (b) Distance Transition from Fahrenheit tem-
from axis, a; (c) Axis of stresa; perature scale to centigrate scale
(d) Distance from nozzle exit, m. is carried out by the formula

r C-,c (rp-3fl

KEY: (a) Tomperature, 0 F; (b)
Wnlet; (c) Length of compressor.

In conmection with this the indicatrix of the radiation of a jet engine, and

also the jet aircraft on the whole, in distinction from the indicatrix of radiation

of an aircraft with piston motors, has a sharply directed character. Basic radi-

ation must be in the direction of the rear hemisphere. The character of the radi-

ation indicatvrix for each type of jet aircraft will be determined by thermal con-

ditions of the motors, their number, and also the geometric relationships between

length and diameter of the extension pipe, the base between motors and the length

of the fuselage.

With transition to supersonic speeds of flight a source of thermal radiation

of an aircraft is the sheathing of the airframe where specific gravity of radiation

of sheathing in the total balance of radiation intensity of the aircraft con.in-

uously increases with growth in speed of flight. Besides, increase of speed of
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flight requires application of higher energy propellants and, consequently, radi-

ation of the pro,. -ion systa also wili be increased.

Now much work in conducted on the creation of new, more chemically active

fuels. In particular, fuels are being developed with inclusion of powdery metal

which during combustion would separate a large quantity of heat (for instance,

aluminum, beryllium, lithium and othere). In this came radiation of the gas stream

will be sharply increased due to radiation of heated particles of metal oxides and

increase of the radiation factor of the stream. Another dir"ection in the creation

of highly active particles of metal oxides and increase of radiation factor cunsists

of the developeent of synthetic compounds of h.drogen %ith certain elements (boron,

lithimn, and others). Obtained thus, the fuel pentaborane (a compound of boron

with hydrogen) at combustion separates 1.5 times more heat than the usual fuels.

This undoubtedly will lead to an increase of missive power of radiation both of

the motor and the gas stream.

During supersonic flight sheathing of aircraft brakes the encountered air

flow, its kinetic energy passes into heat, causing heating of the boundary layer

and the sheathing to a temperature of To, the magnitude of which may be calculated

by the formula

where T¶0 is temperature of tha braked layer of air, *K;

T, is temperature of the air flowing around the body, *K;

o is speed, =/sec;

M is Mach nmber.

The relationship of the absolute temperature of the undisturbed air flow and

the temperature of the flow braked to sere speed at different Mach numbers is given

in Table 11.3.
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Table 11.3. The Ratio of the Temperaiture of Undisturbed Air
Flow to the Temperature of Air Braked to Zerc Speed at Various
Mach Numbers.

M 0 1 2.5 '3 4 5 10

Tire 1 0.8 .W 0.444 0.357 0.238 0.167 0.048

In Fig. 11.12 are given coaputed hee.ting curves of the surface of an aircraft

due to braking of air flow, with supersinic speed of flow at altitudes ul to 1 kL,

without calculation of losses in radiation. For higher speeds of flight at heights

from 11 *o 45 km the heating curve of the dhekithing of an aircraft at places of

ful braking is presented in Fig. 11.13 (7]. 7

1'- - - -

X100 _

we N1;I9 J -° -

(b) C#Wpme DM11714,xw f*VAJC 4 41

Fig. 11.12. TeAperature of the
surface of an aircraft at point Fig. 11.13. Temperature of braking

of braking, depending upon speed depending upon Mach number at

tsf flight. Iights of flight 11,000 - 25,000 mo
KEY: (a) Temperature of surface, KEY: (a) Temperature of braking,
oC; (b) Speed of flight, km/hr. *F; (b) Mach number.

The given curves, obtained by means of calculation by the forumula (11.19),

give satisfacLory agreement •i•t experimental d•'ta, although losses of thermal

eneo jy due to radiation were not considered. These losses will be higher the

higher the temperature of the surface and the more its emissivity coefficient e This

dependency [8] is shown in !ig. 11.1.
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%esides hoating of the aircraft 's

s heathing due to aerodynamic braking of

the air, its heating occurs also due to

friction in the boundary layer. The

Ott magnitude of aerodynamic increase of

- jtemperature in this case may be calculated

from relationship (11.9), taking into
I J 4 1 0
(b) :*to# account Prandtl number (Pr)

Fig. 11.14. Equilibrium temperature
of a body during aerodynamic heating,
taking into account radiation. (11.20)
KEY: (a) Temperature, OC; (b) Mach AT=A -'- 0,85 (1.20
number.

Temperature of heating of sheathing of certain contemporary aircraft in

flight (tIa. United States) is presented in Table 11.4.

Table 11.4. Experimental Data on Heaing of Sheathing of Certain
Aircraft (9]

Type of Aircraft N Temverat o Sheathing

_____ __ _ ____ ____'C

Convair F-106 ........... 1.5 60 333

MacDonald F-1O1 ......... 1.6 62 335

Lockheed F-104A ......... 2.0 122 395

Martin xB-68 ............ 2.5 214 487

Bell X-2 ................ 3 333 606

E•stablishead nv5 as 4it 4i other•wisj.e cu.!" --diibri tAmpearatre OF O_.Acrt

sheathing sets in not at oncr. Fbor that a definite time is required, depending on

thermal conduction of the sheathing material, its adtssivity, and height of flight

of the aircraft. As an example in Fig. 11.15 are presented curves of skin heating

I I I I I I I i ,2



of aircraft during supersonic flight with speed corresponding to Mach 4, at heights

of 6,100 ard 36,600 m [10].

As can be seen from Pig. 11.15, at a heigt of 6,100 a an equilibrim temper-

ature of aircraft sheathing, equal to 6300C, is established in less than 1.5 min
of flight with a speed of Mach 4, whereas at height 36,600 a it is established only

ifter 20 minutes.
7 - Heating of aircraft sheathin during

_____ _ _ supersonic flight permlts the aircraft

Oft_ _ t, became a source of intens, radiation

0 • of infrared rays, the flu of which

practically spreads to al side within
1W llmits of solid angle 4 x- Thiis andi

a If directiona radiation, the inpmtudo of
(b) Opeamm•a.u

Fig. I1.15. Growth of surface which in a given direction will depend
temperature of aircraft in time
during flight speed of Mach 4. on dimenusions of projection of the surface
KEY: (a) Temperature, oC; (b)
Time of flight, minutes. of the aircraft, its smissivity and

temperatures will be added to the vme-

increasing, sharply directed radiation of jet engines and will make aircraft zore

vulnerable to detection and destruction (target-seeking guidance and explulig of

rockets) by means of infrared technology.

'o lower thermal, radiation of the airframe of supersonic aircraft is virtually

possible only by the application of materiais fer sheathing with veI7 low minsivity.

However, this requir*ewt is in cont"Adiction with the requirsomt of high emissivity

of sheathing material for its Intense cooling In order to inrease ths dua'hility

of aircraft during supersonic flight (the problea of the thermal barrier).

Still more powerful sources of thermal rdiation are rockets, whose speed of

flight significantly exceeds sonic. For rockets, the basic causes of appearance

of thermal radiation are the heating of the body dwrn operation of the ww•ta,
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aerodynamic heating during flight in dense layers of atmosphere, and heating of

the body of the rocket due to solar radiation during its flight in space. Further-

more, in the initial stage of flight, a powerful, although brief, source of radi-

ation is the jet of heated gases ejected by the notor.

Due to the operation of the motor, the body of a rocket and especially its

tail part can be heated to significant temperatures, since temper ure in the

combustion chamber attains 2,000-3,000eC; however, the most intinse heating of the

body occurs due to the flight of a rocket in dense layers of atmosphere.

Thus, for instance, it is known that the CermLa rocket the FAU-2 (A-4), due

to friction against air at a flight speed near 5,600 km/hr, was heated to red

incandescence. Calculation of the body temperature of the FAU-2 rocket by the

formula (11.20) shows that its temperature constituted a magnitud3 of the order of

950DC.

If one were to consider dimensions of a rocket (length near 14 a, maxim=m

diameter 1.65 m) and its form, then it is possible to estimate its radiation as a

magnitude of the order of 4,000-5,000 kilowatt.

Space rockets additionally are heated by solar rays during flight in space

[ill.

The heat balance of space rockets (burning of fuel, aerodynamic heating and

heating by solar rays), in the final result, determines I.ie resultant temperature.

Psating of the body of a rocket due to its irradiation by solar rays should be con-

sidered only during its flight in space, where heating due to friction is practically

absent, and the motor of the rocket has ceased its work. Appraisal of this radi-

ation can be conducted in an example of a hypothetical space body of spherical

form, having a shell frwi material with emissivity e- 1 (ideal conductor of heat).

Solar constant is 1,200 w/m 2 . Uder the action of this irradiation the surface of

a sphere turned to the Sun will be evenly heated proportionalky to the product of

the solar constant by the area cf projection of the sp:*here (area of great circle)

I I I I I I I II I i4



and inertialesaly will tranmit heat to that part of the sphere which is turned

from the Sun. Such a state of heating of sphere will continue an long as radiation

flem all of the surface is not balanced by radiation incident from the Sun. For

a sphere, the total surface and area of projections are connected by ratio 4 : 1.

Consequently, a heated sphere will radiate 290 v/a 2 only due to solar ir!adiation,

-which corresponds to radiation of a shell with a tmperature of 290-3009K.
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C H A P T F R III

PROPAGATION OF RADIATION ENERGY IN THE AT"IMSPH•RE

The air envelope of Earth - the atmosphere - is that medium, in which there

occurs transfer of radiation energy from source to receiver. Composition and

uroperty of the atmosphere, in many respects, predetermine effectiveness of appli-

cation of infrared instruments.

1. Composition of the Atmosphere

Atmosphere of Farth constitutes a mechanical mixture of gases and fine solid

particles in it in suspension. Such a mixture is called aerosol.

Table III.1. Basic Solid, Liquid, and Gasifoim Impurities
in the Atmosere Rate of

Impurity Dimension, dro Nmbr in Sdrop,
1dm3  cm/sec

Molecuies of Gases .... l0-8 2.8.1019

Ions: light ........... 2.5"10-8 5"102
average ......... 10- 7  1c3 -
heavy ........... 10-6

Dust: cosmic1.......... i0--i0--
terr-nestria*a! ... O-A-lO-2 102 l10Y 10-3

Condensation nuclei... 10-6-10-5 l02--o5 10-7

Drops: haze ........... 10-5--10- 102-l03 i0-3-i0-2
fog ........... 10- 4 -10- 3  Io-.-i03 10-3-70-20-23 l--lO
drizzle ........ 1-10 1

rain ........... io0 1-4 5.102
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"*ow-v-r. -r. .aa'. npkerp -o,&6ni*ng wa-e- vapor, the prcen'age of gases ý:t.ages

depending upon t.he quantity of steam.

In the atmonphere, in variable quantity, are water vapor arAd olid and liquid

impurities (Table III.l). Their quantity in the atmosphere changes, depending upon

the geographic medium, the activity of man, ana nature. In this group one should

include carbon dioxide and osone, which, along with water vapor, solid, and liquid

impurities, affect optical properties of the atmosphers.

Water Vapor

Depending upon temperature and himidity, the atmosphere can contain from 0 to

4% water vapor (in volume). Dimensions of its molecules vury from 11.10- 5 1,o

14.10-5 u . With a lowering of temperature quantity of water vapor drops (Table

111.2). Differing also are average contents of water vapor, depending upon

geographic latitude (Table 111.3).

Table 111.2. Change of Pressure of Saturated Water Vapor
E and Absolute Atmospheric Himidity A for Earth,

Depending Upon Temperature

t, 0C -20 -15 -10 -5 0 +5 +10 +20 +30 +w0 +50

E, M Hg cm 0.95 1.43 2.14 3.16 4.58 6.54 9.21 17.54 31.82 55.3 92.5

e, mb 11.27 1.91 2.85 4.22 .1 8.64 12.26 23.28 42.42 73.7 123

A, p/m 3  1.o8 1.6 2.35 3.41 .86 6.32 9.41 17.32 30.38 51.1 82.8

With increase of height, quantity of water vapor sharply decreares, since

affecting its distribution are the low temperatures and processes of condensation

and also $.he distance froyn the surface on which occurs the process of evaporation.
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For average conditions, decrease of absolute humidity with height (water vapor

pressure) may be approximately expressed by baroretric formula

-H

a,=-a.-l0 0 (II.1)

where • 5,000 for lower layers of the atmosphere if height is expressed in mettrs.

Proceeding from expression (111.1), one should expect that water vapor pressure

or absolute atmospheric humidity at 2,000 m will be half as much, at 5,000 m will

be ten timaes less, at 10,000 m one hundred times less than at the surface of earth.

Research cnr m this position and shows tnat the basic quantity of vapor is

concentrated in the lower 5-kilometer layer. The presence of moistitre at great

heights ic connectec, as a rule, with vertical dis,)lacements of air' masses, however,

in spite of this, vapor pressure at the boundary of the troposphere (11,000 m) drops

to e11 = 0.0137 mb.

A number of authors, characterizing the humidity of the atmosphere, operate

with an idea of water content under which they understand the quantity of water

precipitated iA a layer of a single section with extent L

Wp:--__a,,L (111.2)

where a, is absolute atmospheric humidity at height H.

Water content of a layer may be defined both in mass units (g) and in units

of length (mm).
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suu-face layer ar" nonuniform. Thus, its average content in pure rural air is taker

to be 0.031 by volume, whereas above cities its content can reach 0.05%.

Due to the vertical mixing of the atmosphere such concentration of carbon

dioxide is kept constant to heights of the order of 20-25 km.

Ozone

Ozone (03) in the atmosphere is contained up to 0.00004%. Distribution of

ozone in the atmosphere is nonuniform. In lower layers of the atmosphere ozone is

contained from 0.000001 to 0.00001%, and at a height of (i-70 km only traces of it

are observed.

Solid and Liquid Impurities

Besides water vapor, ozone, and carbon dioxide, in the atmosphere, constantly

present, are dust, smoke, particles of salt, pollen of plants, bacteria and microbes,

dropd of water, and small crystals of ice. The majority of these impurities not

only will directly dim atmosphere, but also have a large value in cloud formation

and fog, coming forward in the role of condensation nuclei of water vapor.

Distribution of solid and liquid particles by height is intimately connected

with their rate of drop, which may be calculated by Stokes' formula

!-- 1.26. 1O'.r' cm/sec (11T.3)

where r is radius of particle, cm.

This formula agrees well with experimental data for particles ha"ing a radius

not more than 10- 3 cm, and shows that particles by dimension less than 1 a drop

with such insignificant speed (v < 10- 2 cm/sec) that they turn out to be in suspension

and are easily carried by ascending flows upward.
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where V is coefficien'_ of turbuienee,

no is number of particles in 1 o3 of air near earth.

Ratio •. can lie from 405 (by Vigrand) to 750 (by Zaytsev and Gayvoronskiy).h

Atmospheric dust can have cosmin, volcanic, and ground origin.

In the surface layer of the atmosphere the main cause of its turbidity is

ground dust, smoke, bacteria, salt, and hydrometeors.

Weight measurements show that in relatively transparent rural air there is

contained up to 0.00025 g of dust in 1 cm3 , being increased almost three times in

a period of drought and arid winds. In dry clear weather in 1 =3 of air there is

contained up to 130,000 dust metes, decreasing after rain to 32,000-30,000. Above

water surface quantity of dust significantly decreases (Table 111.4).

S1-Distribution of dust in atrmoaphere is

-- •determined not only by the state of the

Ik weather and the geographic medium, but also

by the activity of man, especially in industrial

-' regions. City dust and smoke of industrial

enterprises, as a rule, are disposed at heights

(b) MUDl 1000 ~ not higher than 700-500 m, however, i. case
(b) qu~eno-44uN i ICN'1fl44re

Fig. I.1. Distribution of dust of intense vertical displacements of air they
motes by heights.
KEY: (a) Height, km; (b) Number can be carried to great heights.
of dust motes in 1 cm3 of air.

The presence of a sign-' ficant quantity of

dust in the surface layer of atmosphere sharply decreases its transparency (Fig.

I1.2), and the presence in it, additionally, of hydrometeors and water vapor to an

even larger degree worsens the transparency of the surface layer.
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Number cf dust motes in 1 cm3  35,000 2,750 1,250 Boo 790

Hydrometeors are formed in air upon achievement of a saturating concentration

of water vapor (at a given temperature), when vapor pressure attains maximum value.

Formation of hydrometeors promotes presence in air of hygroscopic impurities - con-

densation nuclei.

S- - - - - - - - - Appearance of hydrometeors causes

80 - a sharp turbidity of atmosphere.

~ -, Depending upon the degree of turbidity

of the atmosphere, they demonstrate:

rHaze with visibility 1-10 1in;
"Ca 4 8I 0 goo 80,7 1900 1200 14o0 /boo"5. DO0(b o '8os0 z Fog with visibility less than

Fi. 111.2. Dependency of i kin.
meteorological visual range
on dustiness of atmosphere. Observations show that in water fogs
KEY: (a) Visual range, kin;
(b) Number of dust motes in drops are encountered with dimensions from
I cm3 of air.

0.1 to 50-60 A . In this case these drops

become visible to the eye and settle on earth in the form of drizzle. The over-

whelming majority of drops have a dimensior of 7-15 u during positive temperatures

and 2-5 A' during negative. Quantity of drops in 1 cm3 of air constitutes 50-100

for weak fog and 50-600 for strong.

In haze, which is the initial stage of development of fog, the dimension of

drops is less than 1 A , and their quantity in 1 cm3 of air does not exceed 10-40.

For the convenience of comparing fogs we characterize them by water content,

i.e., quantity of concentrated moisture it, a unit of vclue. Magnitude of water

content of fog depends on quantity and dimension of crope and on temperature of air

(Table 111.5).
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Optical properties of fogs in many respects are similar to properties of

clouds: they reflect the sunlight well (P- 0.8) and they have selective absorptio,

of radiant flux. Scattering of radiant flux is proportional to the number of drops

in a unit of volume and their dimension, i.e., water content of fog.

Theeefore, it is comparatively simple to calculate visual range in fog by the

formula

L(1.5)

where rcp is average dimension of drops of fog,

W is water content of fog,

c = 2.5, if rcp is in M , and V is in g/m3 (usually in practice we consider

r 15U).
cp

2. Weaakenink of Radiant Flux in Atmosphere

From the point of view of visibility, basic optical phenomena occurring in

the atmosphere, lead to a weakening of radiant flux spreading from the observed

object to the observer, and a lowering of the brightness contrast of an object

relative to the surrounding background.

Weakening of radiant flux in atmosphere can occwr in general both due to

scattering and absorption of radiation energy. The first shows in the most con-

siderable manr.er in the visible region of the spectrum; the second shows in the

ultraviolet and especially in the infrared region.

It is possible to judge the character of weakening of radiant flux of the

atmosphere by nig. 111.3, where there is graphically showni spectral irradiance of

the upper layers of atmosphere I and the surface of Earth 2 by solar rays at woon.
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where is radiant flux entering the medium,

0 is radiant flux outgoing from the medium,

%=e-0 is coefficient of transparency of a medium with an extent of I km;

In (III.7)

The given formulas are Just for nomachromatic radiant flux, spreading horizon-

tally in the atmosphere with a constant attenuation factor on all of the section.

During propagation of radiant flux vertically or at an angle y to the horizon,

the attenuation factor P can endure sharp changes, connected with heterogeneity

of the atmosphere at various heights.

- - ,In this case one should break down

W771 by height the thickness of the atmosphere

0 _ A in n equal layers, writhin limits of which

4o0 --- i- the value of the attenuation factor re-

i/ - mains constant, and should determine for

~ - •.-, each layer the coefficient of trans-
41 K{, V 444 V ~

AuNU'I( IOAH61 &Mparency. Then total transparency of a

Fig. T11.3. Spectral intensity
of irradiance of upper layers of layer of atmosphere by height H will be
the atmosphere (1) and the surface
of Earth (2). defined as the product of the ciefficients
KEY: (a) Irradiance, relative
units; (b) Wave length, u . of trm_.narency of sParat.e laayer,

If, however, radiant flux spreads slanted at an angle V to horizon, then

p • h r(T.9)

During propagation in the atmosphere of complex polychromiatic radiant flux,



it is necessary to determine transuicsivity for separate monochromatic fluxes, and

then total tranwnissivity from ratio

,rSýO (111.10)

where r, in spectral density of intensity of radiation,

S, is spectral sensitivity of receiver of radiation.

Tn simpler cases for approximate calculation we use averaged value of

attensiation factor •pp for monochromatic radiant flux within limits of the entire

layer of atmospherm, where there occurs a transfer of radiation energy,

(TT1. U)

Transparency of the atmosphere Is a function of scattering and selective

absorption of' radiation energ in the atmosphere. Therefo-e, it is possible to

present total transparency of atmosphere as the product of the coefficient of

transparency caused by the scattering of radiant energy Tp, and the coefficient

of transparency caused by the selective absorption in it -u..:

(111.12)

3. ScatterinM of Radiation Ener•y in the Atmosphere

Under energy dissipation of radiation in same medium, including the atmosphere,

we understand the process of deflection of radiant flux from its initial direction.

In the atmosphere the cause of scattering is its optical heterogeneity and, occurring j

because of this, the refraction, reflection, and diffraction of radiant flux in t

these heterogeneities.

DNpend.ýng upon the relationship between the dimensions of particles of the

dispersed phase and the wave length of radiant flux, scattering may be molecular

(in particles of minute dimension), diffractional (in particles coinmensurable with

5h' I I I I I I I I I I I I , ' ' 'r



wave length), and geometric (in particles of large dimensions). In real atmosphere,

where there are particles of practically any dimensions, all three forms of

scattering exist simultaneously.

For visible light the attenuation factor of radiant flux due to scattering

may be determined, if the meteorologica' visual range is known:

L 3,92 (111.13)

where 0 is the attenuation factor for X = 0.55 A (mile- 1 ].

Based on this expression, Zhil'bert [11 obtained attenuation factors of

visible radiation due to scattering depending upon tne state of the weather, and

also compared them with scattering coefficient in pure dry atmosphere Do, calculated

by the formula of Rayleigh (see Table 1II.6).

Table TII.6. Weakening of Visible Radiation ( ' - 0.55 u ) During
Various Degrees of Turbidity of Atmosphere

L, km State of Atmosphere _. Mile- 31•

< 0.02 Very strong fog 85.6 >6,060

0.05 Strong fog 85.6 6,060

0.2 Moderate fog 21.4 1,515

0.5 Weak fog 8.54 606

1 Strong haze 2.14 151

4 Weak haze 1.07 75.6

10 C.ea -A 0.427 30.2

20 Very clear 0.214 15.1

50 Excellent visibility 0.0713 5.06

For radiation with a wave length other than 0 . 5 5 M , the attenuation factor

without calculation of selective absorption may be determirqd from ratio

T -1- "(111.14)
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This formula ccincides well with practical results when appraising the

weakening of infrared rays by atmosphere with a meteorological visual range of

more than i0 km.

Jebby and other authors (2] determined the transmission of radiant flux in

separate windows of transparency of the atmsphere on a route extending 4,200 m,

depending upon meteorological visual range. Interpolation of the obtained data

allowed them to construct convenient curves for calculation of transparency of

atmosphere in the infrared region of the spectr'-m under different atmospheric

conditions due to scattering of radiant flux in it (Pig. 111.4). In all cases

the equivalent layer of precipitated water vas taken as constant (17 nm), and the

meteorological visual range was calculated by relationship (111.13).

Scattering of radiant flux of dry

and pure atmosphere, with which we

usually deal at great heights, with a
:k 41 sufficient degree of accuracy, coincides

with the laws of molecular scattering,

studied in detail by Rayleigh.

) Considering the scattering of
radiant flux by gas ions and separate

Fig. 1II.4. Transparency of the
atmosphere due to scattering at bunches of molecules appearing as a
different distances of meteor-
)ogical visibility on a base of result of continuous chaotic motion of
1.85 kin.
KEY: (a) Tranmdassion; (b) Wave the latter, Rayleigh introduced the law,
length, p .

"When light Is dispersed by particles,

minute as compared to any of the wave lengths, the relation of amplitudes of

oscillations in scattered ar.-d bncident light is. re I•procaJ to the square of the

wave length, and the relation of intensities - to their fourt.h degree".

Mathematically this law may be expressed by the following dependency,

0 ), W- )'( . - I)' +
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where e9 is the coefficient of scattering in a given direction; angle I? with

direction of incident monochromatic radiant flux is a component:

n is index of refraction of air;

N is number of molecules in 1 cm3 of volume;

r is distance from dispersing mediim.

Rayleigh's law is valiV as long as the ratio of diameters of particles and

wave length remains significantly less than unity. As shown by the work of M. V.

Shuleykin, Rayleigh's law is valid for drops with a diameter of not more than 0.42 Ad

With increase in diameter of particles exponent with wv 3 length decreases (Table

111.7), changed also is coefficient A:

i• :A l -hm " (111 .16 )

Table T11.7. Change of Coefficient k in Expression (111.16) with
Change of Diameter of Dispersing Particles

d. u 0.42 0 52 0.59 0.64 0,68 0.71
Ah 4 1 3.5 1 3 1 2.5 2 1.5

Tn accordance with this, if, for a case of ideal molecular scattering, formula

(II.16) takes the form 9& = 0.0082 1.-", then in high-altitude conditions for dry

atmosphere #a = 0.012 .- '.", and in the case of moisture content in a quantity of

10 mm of condensed water
#X=0O.0008 \ I- 3.".

Diffractional Scattering

In real atmosphere always p-esent in suspnsion are solid and liquid particles,

the dimensions of which are commensurable or exceed the wave length of the spreading

radiation. FDnergy dissipation of radiation in them is more complex and may be

described by the following mathematical dependency:
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where J? is intensity of scattered radiation energy;

P is radius of dispersing particles;

n, n, are indices of refraction of ai particle and air.

In distinction from molecular scattering where the polar diagram is symmetrical

relative to the primary beam and in a direction perpendicular to it, during dif-

fractional scattering there is observed syumetricalnees only relative to the pr Imary

beam, and the indicatrix may be expressed by equation

R, = I +pcos p+ q cos'. (-p.18)

Coefficients p and q depend on substance of particles and their dimensions.

For fog with average water content p = 2.7 and q 3.

With increase in a. i.e., ratio of p to X, the diagram of scattering is

extruded forward. Energy thrown back and to the sides decreases, approaching in

limit to 16.8% of all decreased energy (geometric scattering).

Hutton and Stratton found that in the case of diffractional scattering the

coefficient of scattering g, is function
Pa=2WP'k.} (111.19)

Since k depends on dimension of particles and wave length, then at A. = const

the curve in Fig. 111.5 gives dependency of scattering coefficient on dimension of

particles, but at P - const - on the wave length of the spreading radiant flux.

A particular came of diffractional scattering is the case of the scattering of

radiant flux on limiting large particles - geometric scattering. It is characterized

by two basic positions:

a) magnitude of scattered energy does not depend on wave length of radiant

flux falling on the _particle;

b) energy of radiation thrown in the direction of the primary beam is 24 times

more than the energy thrown to the opposite side.

I I I I I I I I I I I I I I I I , , , , , , '
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Fig. II.5. Dependency k - f (a) in ,4 4 ,
the formula of Stratton - Hutton. 1 - k!

b ;j JOJS 490 U

Fig. 11.6. Distribution of drops
in fop b dimensions.
KEY: (a) Numnber of drops in 1 =3;
(b) Radius of drops, u •

In spite of this, in practice is observed the best passage of long-wave

infrared radiation in a turbid atmosphere, where geometric scattering is basic.

This is possible to axplain, first, by the dependency of refractive index of the

reflecting particle on wave length and, secondly, by the presence in atmosphere,

along with big particles, of a very large quantity of small particles (Fig. 111.6),

which on the whole mAkes atmosphere more transparent for long-wave radiation.

Best passage of turbid atmosphere, including fogs, by long-wave radiation is

confirmed by a number of works, in spite of the presence, in this region of the

spectrum, of selective absorption.

4. Selective Absorption of Radiant Fnerxy

During absorption of radiant flux in the atmosphere there occurs its weakening

due to transition of part of the radiation enerigy 4into other fto-i of ene-W:

thermal, mechanical, and chemical. Characteristic for such weakening is the fact

that absorption of radiant flux in the atmosphere is selective and exists only for

those waves whose freqtuency is resonance for molecules of gases composing the

atmosphere. As a rule, in such selective absorption of radiant flux participate
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polyatomic molecules of gases and in the first place water vapor (M20), carbon

dioxide (C0 2 ), and ozone (03).

Ozone has the moat important absorption bands in the far ultraviolet part of

the spectrum between 0.2 and 0.32 P with XMac - 0.255 M ; in the visible region

- with Xmama - 0.6 Ad , where the coefficient of absorption is 0 - 0.068 cm-l; in

the infrared region of the spectrum in a range of wave lengths 4.63-4.95 u

8.3-10.6 ( - 0.255 cC-1) and 12.1-16.4 u .

Carbon dioxide has a series of absorption bands in the infrared region of the

spectrum, from which the strongest are the narrow band 4-4.8 U and the wide in a

range of 12.9-17.1 M with ,axc-*- 14.3 u •

Water vapor contained in atmosphere in relatively large quantities,, has a

large number of wide absorptior bands in visible and infrared regions of the

spectrum. In the visible region of the spectrum are five relatively weak absorption

bands by water vapor, namely: 730.4-682 zm , 606-586 mis, 578-567 ma , 547.8-542 mm

and 511.1-498 ms . However, even near the infrared region of the spectrum there

are strong and wide absorption bands: 0.926-0.970 u , 1.095-1.165 A , 1.319-

-1.498 m., 1.762-1.977 js and 2.52-2.845 u .<

N 111 _• -.. . In Fig. 111.7 is depicted trans-

parency of atmosphere with a thickness

t - - . I 0 of 1,830 m, according to Jebby, for wave

ig - =--...... -The fullest and most detriled re,-

search of spectral transmittance of the
ccD? IW If 11 ,I 14

( bj juwu Iatmosphere in the infrared range of the

Fig. 111.7. Transpa-ency of
atmosphere by Jebby. e--ct-= vas t .or and
KEY: (a) Transmiision of

atmosphere with a thickness Uayts [Whites, Waites) in 1956 [3]. In
of 1830 m "%; (b) Wave length,
At. this research they studied transparency

of a horizontal layer of atmosphere above

*The Russian subscript "makc" indicates "maximum".--Ed.
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a water surface. Length of sections correeponded to 305 m; 5.47 and 1.2 k1m.

As a result of research there was obtained a fine structure of spectrum of

tranmission of the atmosphere in a wave range of 0.6-15 u .

The works of Jebby, Taylor, and Uayts [Whites, Waites] allow us, with

sufficient accuracy, to dt ermine those sections of spectrum, within the limits of

which the atjosphere is more or less transparent for infrared rays. Thus, for air

at sea level with a content in the layer of precipitated water 13.7-17 m there

are "windows", i.e., sections transparent for infrared radiation, with the

following wave lengths,

0.95-1.05 A 3.3-4.2
1.15-1.35 i 4.5-5.1 u
1.5-1.8 U 8-13
2.1-2.4

With increase of height above sea level the passband width of the %wincbws"

of atmosphere is increased (Fig. 111.5) due to docerase of air density and quantit:-

of water vapor in it.

A sufficiently simple method of

"calculating transparency of the

atmho5!here inside a wide spectral0, N1O , V,#O gap band was offered by Elder and Strong'

-A - &' N T; [5]. Iheir method of calculation

O' Au,,is based on the experimentally fixed
Fig. 1II.8. Spectral coefficient
of absor-tion of the atmosphere fact that the more equivalent the
at various heig hts.
KFY: (a) Absorption, ',; (b) Wave layer of absorber W, the less the
lenpth, u . additional increase of absorption

caused an increase in equivalent layer of absorber to magnituce dW. Yathemat--

ically this position may be described by approximate empirical equation

,..= -- k r W. (M1.20)
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I
Equation 111.20 is based on the assumption that spreading radiation occupies

a sufficie-itly wide spectral range, in order to include some absorption bands.

Therefore, Elder and Strong broke the spectrum of infrared radiation 0.72-14 u

down into 8 sections, for which vales of coefficients to and k were determined

(Table 111.8).

Table 111.8. Sections of Infrared Spectrum and the Value
of Constants in Fquatior (111.20)

No. of section -Bounr oI f k toSection. A -

I 0.72-0.92 15.1 106.3

II 0.92-1.1 16.5 106.3

IIl 1.1-1.4 17.1 96.3

IV 1.4-1.9 13.1 81.0

V 1.9-2.7 13.1 72.5

VI 2.7-4.3 12.5 72.3

VII 4.3-5.9 21.5 51.2

VIII 5.9-14 - -

For the case of atmosphere free from solid and liquid impurities (b&sed on

Elder and Strong, over 2-3 kIn), but containing water vapor, the solution to

equation (111.20), depending upon the concentration of water vapor, is shown in

Fig. 111.9, where, to determine water content of the atmosphere at heights over

3,000 r, Elder and Strong applied expression

-- (3 ÷4-

V=a-.O(I .21 )

where a, is absolute hwmidity for earth, g/=,

H is height, kIn,

L is distance, m.
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The graph in Fig. II.9 allowr us,

. as •ij Z \LL with respect to definite water content,

- __ to determine transparency of the atmosphere

due to selective absorpc~ion of water

-~ --vapor inside any section of the spectrum~

_-% - at heights over 3 km. However, the

'4 ___ dquation of Fider and Strong does not

consider weakening of radiant flux by
Fig. I.9. Graphic interpretation
of equation v..-Io-k >og .,. haze. Using data of many observations
KFFY: (a) Transmission, relative
units; (b) Equivalent layer of for heights over 2-3 km (pure atmosphere),
water, mm.

Elder and Strong (approximating dependency

vp=f(X) , for equivalent layer of water 1 mm) give a formula of transparency of

atmosphere due to scattering in water vapor:

-P = (0,998)', (111.22)

where W is water content in atmosphere on every kilometer of beam path.

Consequently, in accordance with expression (11T.12) total transmissivity of

pure atmosphere may be calculated as

=,t..,P=(t,-k log W) -0,998e. (I1.23)
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C HAPTER IV

OPTICAY. MATERIALS AND OPTICAL SYSTMS

I. Materials

1. Infrared Filters

The filter is an optical device, with the help of which a change of spectral

composition and magnitude of radiant flux falling on a sensitive element is possible.

The action of filters may be based on different optical phenomena: absorption,

interference, selective reflection, polarisation, and so forth. Filters can be

solid, liquid and gasiform. In technology the most wide-spread are solid filters,

founded on the absorption of radiant flux in glass, plastic, special films and

artificial or natural crystals.

For absorption of visible radiation and transmission of near-wave infrared

radiation (0.8-3 A ) the most widely used are glass filters, colored in their mass

by manganese oxide or sulpho-selenide of antimony, and also film and filters on a

base of acetyl-cellulose or gelatin (Fig. IV.l and IV.2).

From filters is required maximum integral transmission in the infrared region

of the spectrum and minimum - in the visible. Furthermore, it is desirable that

the front edge of the spectral curve of transmission would be, as far as possible,

steeper. In this respect film filters are sowewhat better than glass, however, the

latter are stabler in time, more durable and more heat- and moisture-proof. They

are also more technical in production.
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,70 d= 2 (I).

I . ~ 60

od .01

s. Fig. IV.2. Tranmiossion of glasses
--- 1 L-2, d - 2 mm (1) and manganic

3- l dd -c2 e (2).
[.KEY: (a) Transmission, f; (b) Wae

go 45 41 to (I 1.1 v 1,4 length, u

Fig. IV.3c. Transtission of infrared
aiteeFor filtration of visible radiation

w--KC-13 d = 2 Ths; 2-KC-12 d h2ae with sue ss grotelati f filters charant3-Film d - 3 mm; 4-Fib. d =4 mmt Wt UCSSgltngas itr a
KE~Y: (a) Transmission, f; (b) Wave
length, A be applied (Fig. TV.3). They consist of

a layer of colored gelatin placed between

two pieces of glass. These filters have a steep front edge of spectral character-

istic and a high transparency in the infrared region of the spectrum. However,

they are sensitive to change of temperature and possess bad moisture proof character-

istics, sir.ce they consist of three elements glued together.

In the considered fl]ters visible radiation is absorbed by dye, but absorption

of long-wave radiation is determined by the sort glass. Therefore, for filtration

of long-wave infrared radiation can be used unpainted glass (Fig. IV.h) which

conducts well visible and infrared radiation up to 2.5 A , and opaque for waves of

more than 4.5 g .

To exclude visible and near-wave infrared radiation powder filters have been

used, constituting a base which is transparent in the necessary region of the spectrmi

(a plate of sylvite or rock salt), on which, by means of evaporation in a vacuum,

there is precipitated a layer of metallic or semiconductor powders.

Principle of action of such filters is based on dispersion of visible and

near-wave infrared radiation by particles whose dimensions are commensurable with

wave length. Such filters will be opaque for radiation with wave length smaller
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than dimension of particles of the powdery layer, and transparent for wave lengths

larger than dimension of particles. It was determined that for transmission of

radiation energy in range of wa-ves 2-7.5 ju particles of a powder filter have to

have dimensions from 0.22 to 2.5 ( [2].

/00

l o- -1

(b) Joe" A s ol3s -

Fig. IV.3. Transmission of gelatinXN
glass filters of the fizz of "Worten- N

Kodak" (1) and State Optical Institute (b) JiAUvaRM4 vs,w'r
(rko) No. 2128/6690 d - A - (2).
KEY: (a) Transmission, %; (b) Wave Fig. IV.4. Tranmission of glasses,
length, t . mirror (1), quartz (2), window (3)

and single crystal of quartz (4).
KEY: (a) Transmission, %; (b) Wave
length, u.

As a rule, dispersing powder should be transparent to infrared rays, however,

as in seen frcu Fig. M.5, metallic niello can appear transparent to infrared rays.

=FF= _ - - To powder filters one should relate

filters of silver chloride with a black

layer of silver brmide. They are abso-

I I, L.-- ltely opaque for visible rays, but

9 -conducL radiation well in the wave range

""14 7 IN-3 A 131.

(b) 44401 &MW .AS As a base for many poder rUl+.ers

Fig. IV.5. Transmission of powder is a-%p14id mica, if it is desirable to

1-gold niello on sylvita; 2-selenium separate radiation with a wave length of
on sylvite; 3-telluric niello on
sylvite; 4--magnesium oxide on mica; 2-8 A . Spectral transmission of two
5-bismuth niello on sylvite.; 6--
magnesium oxide on glass (d - 0.1 im). sorts of mica in shown in Fig. IV.6.
KEY: (a) Transaissior., %; (b) Wave
length, •u
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Table IV.1. Basic Properties of Certain Crystals

Re-- Solubil-

frac- I ity in
ateria .Ao, L.Lve Water T Properties

Index vim cza

KBr 27 1.55 53.48 Colorless cubic crystals. Hygroscopic,
soft, easily scratch. Dissolved in alcohol
and glycerine. Prepared in diameter up to
190 m. V -,.ue average

NaCI 20 1.54 35.7 Colorless cubic crystals. Hygroscopic.
Cracked, easily scratch. Dissolved in
glycerine. Prepared in diameter up to 190 mum.
Value low

IliF 85 1.39 0.27 Colorless cubic crystals. Cracked,
easily scratch. During polishing can be scaled
off on surface. Dissolved in acids. Prepared
i.n diameter up to 185 Em and larger. Raw
material for artificial preparation is defi-
cient. Value average.

CaF 2  11 1.43 0.002 Colorless cubic crystals. Cracked,
(Fluorite) easily scratch. Start to conduct from 0.324 4

Dissolved in solutions of salts NH4 . Prepared
in dimension up to 150 amm. Value average.

KCl 24 1.49 34.7
(Sylvite) (200c) Colorless cubic crystals. Mygroscopic.

Easily scratch. Dissolved in alkalis, esters,
glycerine. Have absorption band near 3 and
7 m . Good crystals are rarely encountered.
Value average.

KI 31 1.67 127.5 Colorless cubic crystals. Are very
hygroscopic. Polished with difficulty. Very
soft, easily scratch. Dissolved in alcohol
and ammonia. Prepared in diameter up to
190 mm. Value average.

CsBr 40 1.7 12-4.3 Colorless cubic crystals. Hygroscopic.
(25CC) Soft, easily scratch. Dissolved in alcohol.

Prepared in diameter up to 45 umm. Value

average.

CsI 50 Colorless cubic crystals. Ver1 hy-gio-
scopic.
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The above considered filters allow the separation of comparatively narrow sec-

tions of the infrared spectrum. If it is necessary to work with long-wave inf'ra-ed

radiation, then it is expedient to apply materials for which the normal frequencies

of os-illations of molecules lien in the far infrared region of the spectrum. Such

materials are, mainly, crystaLs: potassium bromide, potassium iodide,, rock salto

lithium fluoride, calzium fluoride, potassium chloride, cesium bromide, and others.

Their basic properties and spectral curves of transmission are given in Table IV-l

and in Fig. IV.7.

No - - - - -

,,vr9

~fA-

k A 8*IiSfh5M'IIF3lzJJ

10Fig. IV.6. Transmission of bakmc
d 0. iiu (1) an m 61scIovi11te 0.2etancysas

()AuearwanKEY: (a.) Transmission, %; ()Wv

length, m'

tie -

Amme ARE v kID.,wp (b) 1Jume hiivew. ma

Fig. IV.8. Transmission of ~ P4&- TV 0~ Tranaui"±saion Of taflon.
protective films. 1--thicknes 0. mu; 2-thickness
1--polyethylene d - 0.025 m; 4 imm; and 3-vinyl varnish d =20,u
2-hydrochloride of rubber KEY: (a) Transmission, %; (b) Wave
d = 0.045 mmt; 3--nitrocellulose length, p'
d = 0.5 mm.
KEY: (a) Transmission,%; (b)
Wave length,)A
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The characteristic peculiarity of ,he enumerated crystals is high hygroscopicity,

for which it is necessary to cover them by protective films, introducing noticeable

absorption of 'nfrared radiation and worsening the optical properties of parts of

the instruments. As protective films, the most frequently used are films of hydro-

chloride, rubber, polyethylene, teflon, vinyl varnish, and other materials [5)

whose spectral transmitt nce is shown in Fig. IV.8 and IV.9.

2. Materials for Protective Glasses and Cowls

Materials, from which are prepared protective glass and cowls of infrared

instruments, besides a high coefficient of transparency in the needed range of

wave lengths, must satisfy the requirements of high durability, heat and moisture

proof characteristics, and stability of properties in time, and must allow the

manufacture of models of different configuration.

Therefore, considered in Section 1, the materials with the exception of glass,

even if they can be applied as entrance windows of radiant flux receivers, as a

rule, are unfit for protective glasses and cowls of infrared instruments.

Recently wide research has been conducted, which makes it possible to obtain

new artificial materials combining good transparency in a wide range of wave lengths

of the infrared region of the spectrum with good operational qualities.

Characteristics of such materials are given in Table IV.2 [4] and Fig. IV.lO.

The glass "Servofrax", developed in the United States, is used for the manu-

facture of lenses and objects having minim= spherical aberration in a wave range

of 2-5 P . In order to decrease losses on reflection, surface of lenses is cleared

(9].

Silver chloride in the form of rolled sheets [16] and articles of it are widely

used where nonhvgroscopicitv &M j_-m_-o_,biy iLn ý-.-er &re reiuimd. The coefficient

of transparency of silver chloride up to 18 At is 80%. Increase of transparency

may be attained by brightening surface; indeed, this introduces additional absorption

bands caused by absorption of the film of polystyrene [17). A deficiency of silver
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Table IV.2. Basic Properties of Certain Materials Applied During the Manufacture
of Cowls of Infrared Instruments

SSolubiltt

Material n. in water Properties

Glass 3 1.5-1.9 0 Homogeneous. Colorless. Easily cut,

tud and polished. Nontoxic. Dimensions are
unlimited. Value low.

Glass 12 2.59 0 Homogeneous red glass. Nontoxic. Softened
f'Servo- t +195 C. In dissolved in alkalis. Dimension
frax" s limited by structural considerations. Can be
A12 S3 19J pplied for all types of optical systems.

AgCl 23 2.07 0 Colorless cubic crystals. Isotropic. Will
t crack. Soft. Are subject to fluidity at low

temperatures. Darken in sunlight. Cause corro-
sion of metals. Are dissolved in NH4 OH, Na2S203
XCN. Are prepared in dimension up to 100 m.
Value high.

Fused 4 1.43 0 Isotropic. Has good technical and thermal
Quartz properties. Is dissolved in HF. Dimension is
Glass limited only by optical homogeneity. Value
SiO2  average.

Sapphire 5.5 1.77 0 Artificial hexahedral crystals. Will not
A1203 (101 crack; scratch with difficulty. Mechanical

durability excellent. Thermal properties good.
M mm dimensions up to 125 mm. Value high.

Periclase 10 0 Artificial isotropic mineral. Mechanically
MgO (8] very sturdy. With passage of time its surface

dims due to formation of Mg(OH) 2 . Value average.

Silicon 20 3.5 0 Cubic crystals of grayish-eteel color. High
(12,13,1]4 melting point. Are dissolved in HF and H3" Are

prepared in dimension up to 40 am. Value high.

Germanium 40 0 Crystals of grayish-steel color with dark
(14,15] blue nuance. Are well processed. Mechanically

stable. In the region of 1.5-15 & transparency
is not less than 40%. Value high.

KRS-5 38 2.63 0.02 Red cubic crystals. Will not crack, easily
TaBr+TaJ scratch, are difficult to polish. High coeffi-

icient of expansion. Are toxic. Are dissolved in
H903 and in aqua regis. Are prepared in dimen-
sion up to 125 sm. Value high.

KRs-6 - - - Optical properties better than for KRS-5.
TlBr+TlCl IToxic. Value very high.
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chloride is the fact that it is impossible to apply in daylight. To prevent

blackening of silver chloride its surface is covered by antimony (r selenium, which

leads to a certain increase in reflection of radiant flux due to the larger value

of refractive index for antimony and selenium than for silver chloride.

Artificial sapphire finds application for cowls of rocket missiles with infra-

red homing devices (iO]. At present production of nose cones with diameter of

140-175 mm has become familiar. Synthetic sapphire passes 90% of the radiation

with wave lengths up to 4 u and 50% on 6 " wave. In hardness artificial sapphire

stands next to diamond and preserves it up to a temperature of l,80OeC (Fig. IV.I1).

S-a ! M--in
b4

I~v V- 01 JW
to I MS Ii Ito 152 4 73 ' 7*IDI I

Fig. IV.l0. Transmission of Fig. IV.ll. Tranasission of silicon.
certain materials for cowls MEY: (a) Transmission, %; (b) Wave
of infrared systems. length, P ; (c) Type; (d) ohm.cm.
KEY: (a) Transmission, %;
(b) Wave length, u .

Germanium and silicon have become serious competitors to quarts, sapphire, and

silver chloride as optical materials for infrared instruments, in spite of the

comparatively high cost of obtaining them. These elements very similar in optical

respects, possess good transparency in a wide range of the spectrum, allow the

clearing of their surfaces and have good thermal and mechanical properties (12, 13,

14, 15].

Along with crystal materials gisa like materials have come into wide use.

Tellurite black glass [16), containing frM 20 to 81.5% TeO2 , and as impurities

- CaO, MnO2 and V2 05 , passes, in a wave range of 0.8-5.0 A , up to 70% of radiation

energy. Having similar properties are: Tellurite glass TO02 - PbO-ZnF2 (17],
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lead-lanthanum germanium glass type G-135, calcivm-aluminunm - silicate glass type

C-1458, and, equivalent to them, germanate glass C-1434 [18] (Fig. IV.12).

WI- - Analogous curves of transmission

- have glass like materials on a base of

I - -- - -calcium a&unsiate (19], which in a wave

Srange of 2-5 m have a coefficient of

transparency up to 9%adarfatv

IV index for a 4.26 u wave of 1.592 - 1.753.

"-- - - ir Glass-like materials with a wider

*P 0range of spectral tranamissivity have been
(b) AIrnva Am x created on a base of selenium, arsenic

Fig. IV.12. Transmission of glass:
-- G-135, thickness 2; 2--C-1434, anu sulfur [17, 20].

thickness 2 m.
KEY: (a) Transmission, %; (b) Wave Sulfur-arsenic glasses (Fig. IV.13)
length, , .

are transparent up to 14 u and in a

case of 20% sulfur content they will pass up to 50% of the radiant flux (curve 1, a),

and with 60% sulfur content the coefficient of transparency of radiant flux is in-

creased to 65% (curve l,b). Class-like selenium (curve 2) has an almost uniform

transparency in a wave range of 1-21 u , equal to 60-65%.

I - The most successful was glass from

I -.•. •- pentaselenide and pentasulfide of arsenic,

; --- " I .... whose spectral curves of transmission are

shown in Fig. "V.14.

(b) ,suma A , m, Trisulfide of arsenic, obtained

Fig. IV.13. Transmission of glass Freric, constitutes a glass-like substance
of sulfu -arsenic I and selenium 2.
WM a j e f A iMMO ,D.La#u A j %j "Ave of a daFK red color. At normal temperature
length, M.6 coefficient of expansion is 26.10-6 , point

of softening +195eC, solubility in water at normal temperature 5.1C- 5 g/10o cm3 ,

density 3.2 g/cm3. Transnissivity in the 1-12 u region is 70%. The glass is hard

but easily yields to grindir .
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Pentaselenide and pentasulfide glass,

79, black in appearance with a brilliant

surface, is insoluble in water at normal

XAI temperature (at 1000C their solubility
A1- --constitutes 0.0017 g/lOO cm3 ), and has

y 4 J 6- 8 J fellB I0 1 /J 14

OUNO 0I1,01,NX a density of the order of 4.4 g/cmn and

Fig. IV.4. Transmission of a softening point of 2000C. In a wave
pentasulfide (1), pentaselenide
(2), anjT trisulfide (3) of arenic. range of 0.6-13 u transparency of the
KEY: 'a) Transrrnsgion, %; f(b5
Wave length, A : glass constitutes 60-65%.

3. Reflectint CoveriUis

In instruments of infrared technology remlecting optical systems are fre"aently

applied. Their basic advantage, as compared to lens optics, is the absence of

chromatic aberration, which allows us to use the same objective in a very wide

spectral range. Furthermore, the value of mirror objectives is lower than the

value of lens.

To mirrors are presented two basic requirements: high reflectivity in the

needed spectral range and good quality of image. The first is attained by corre-

sponding selection of reflecting covering; the second - by the quality of manufacture

of the sublayer (glass or metallic) of a definite form: paraboloid, hyperboloid,

ellipsoid, part of a sphere or, finally, a plane. The sublayer material most widely

used is glass, which processes well and allows us to obtain reflecting surfaces of

high quality.

The external surface of mirrors is covered by a dense layer of well reflecting

jnfyrA"d n yvm nof Ot.nl b ,eans of 4tcevap o 4- ----f -' 4-

of coverings precipitated in a vacuum is always higher than for the polished surface

of metai,

In the infrared region of tho spectrum high reflectance is possessed by silver,
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gold, copper, rhodim,, and aluminum (Fig. lV.15). For wave lengths, more than 4 Ai,

reflectivity of these coverings may be defined by the formula

p=IC,35,(iY.l)

where r is the specific resistance of metal, otw/h3/m;

I is wave length, M .

Silver in the infrared region of the spectrum has a reflactivity of 99%, how-

ever, only in the freshly prepared layer. With passage of time the layer darkens,

and reflectance strongly drops. Moreover, because of comparatively bad cohesion

with glass, the physical durability of the layer is insignificant.

Alloy of aluninum and magnesiem (69% Al + 31% Ng) is more stable than silver,

but reflectivity in the infrared part of the spectrum attains 92%.

Gold and platinum have the same reflectivity in the infrared part of the

spectrum, as silver, and in their chemical and physical stability do not differ

except in rhodium covering.. A layer of gold is very convenient if it is recessary

to lower reflection of visible radiation.
(c)

-O Aluinum has high reflectivity in

all the optical part of the spectrum of

- -, -electroagnetic oscillations - from vacuam

- . - - -ultraviolet to the far infrared region.

-4 'Possessing good cohesion with glass and

bA, A W~ protective oxide film, the reflecting

Fig. IV.15. Spectral refle!tivity
of certain coverings. alumitnum layer has good mechanical dura-
KEY: (a) Reflection, %; (b) Wave
length, m ; (c) Alzak. bility (covering can be washed by water

with soap) and does .ot diA- in air. The

0

thickness of the protective oxide film attains 100 A. To increase its durability

a spray of a ttin film of SiO is applied, which, even under conditions of heating

up to 4500C for 40 hours and the effect of a 10% solution of Na0H for an hour,

ensures preserva..ion of reflectance of the layer.

I I ! I l l I I I I I I I I I I I I7I , ' ' ' ' ' ' ' '



Frequently it is desirable to use the reflective element as a filter for

cutting out an unn3cessarv section of wave lengths or isolation of a desirable

band of radiation. With this goal, in recent years there have been denrloped

different combinations of selective reflecting films £21].

In the simplest form, such reflective filters consist of opaque, well-reflecting

metal (for instance, aluminum), dielectric lining and a semitransparent layer of

metal. Maximum reflection is for those wave lengths, for which the thickness of

the lining ii equal to an even number of quarters of wave lengths; minimu - for

those wave lengths, for which thickness c' lining is equal to an odd nuaber of

quarters of wave lengths. Reflectivity for madximum is equal to the reflectivity

of opaque metal, but reflection for minimum may be brought to tea by means of

corresponding Pelection of thickness of semitransparent metallic film (Fig. IV.16).

Filters of such type are prepared

mmue"'u::Cb' for all the optical region of electro-

u .(c), magnetic oscillations and micro-waves.

-0 • •t (I It was determined that, applying several

film pairs, it is possible to prepare

very narrow-banQ reflecting filter.

f 1111#& ANEw.im A"Very frequently it is necessary to
Fig. IV.16. Construction and
spectral reflectivity of cut out the visible and ultraviolet part
selectively reflecting filter.
KEY: (a) Reflection, %; (b) of the spectrum for the prpose of de-
Semitransparent metallic film;
(c) Dielectric linitg; (d) creasing the effect of scattered light
Opaque aluminum; (e) Glass;
(f) Wave length, j . in the instrument. With this goal, two

All CO-MAGAME Of such "dr"mirrors

were developed (Fig. IV.l?).

In first type aluminum is covered by germanium film and SiO, where each of

the films has a thickness approximately a quarter of the wave length. Germanni

is used because of its good absorption in the visible part of the spectmvn and

good transmission in the i~frared.
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41 42 1 4)444I i 1 4 16711*

Fig. IV.17. Construction and spectral reflectivity
of "dark" mirrors.
KEY: (a) Reflection, %; (b) Up to; (c) Minutes;
(d) Opaque; (e) Glass; (f) Wave length, m .

In the sec I type tw coverings of SiO are used (divided by semitransparent

aluminum film applied on an opaque layer of al.uinum.

II. Optical System

4. Assignment and Classification

Optical systems are designed for reception (transmission) and red4 stribution

of radiant flux with the purpose of its more effective use.

They can be a component part of a source of radiation energy. In this case

optical systems serve either for concentration or radiant flux in a small solid

angle to obt4.!n great luminuous intensity in a definite direction, or for obtaining

a definite form of rays of radiant flux.

If optical systems are applied jointly with a receiver (indicator) of radiation

energy, then they are designed for focusing radiant flux icident on the optical

system and the direction of it to the sensitive element of the receiver. Thanks to

this, irradiance of the sensitive element can significantly exceed irradiance of

the surface of the optical system.

There are three groups of optical systems:
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a) lens or dioptric, in which radiant flux is redistributed as a result of

passage of it through re racting media,

b) reflective or catoptric, in which radiant flux is redistributed in space

as a result of reflection from one or several mirrors of different form,

c) mixed, combining lens and reflective systems.

These three groups of optical systems have found wide application in instruments

of infrared technology.

Quality of optical sstams in infrared instruments in many respects is de-

termined by their resolving power, which in many cases should be very high. Thus,

in visible and near-wave infrared regions of the spectrum where as sensitive elements

are used the eye, a photographic plate or an image converter, having a resolving

power sometimes less than 10 u , from optical systems there is required a resolving

power not less than 40-50 lines per 1 mm. Starting from 2 As and above the re-

solving power of contemporary sensitive elements constitutes a magnitude of the

order of 100 a and more, which somewhat lowers the requirement for resolving power

of optics. This circumstance makes it possible to apply, in certain types of

infrared instruments, simpler optical systems.

Resolving power of the ideal optical system is limited by the diffraction

pattern around the image of the observed point. Diameter of the image of a point

source, in this case, may be determined from relationship

- 1,22 (IV.2)

where d is the diameter of the central maximum of point image in the same units as

I.

f is focal length of objective, effective for a givenA ,

D is diameter of inlet.

This expression shows that with increase in )L and f, resolving power of

optical systems worsens.

In real optical systems, resolving power additionally worsens due to distor-

tions inherent in them (aberrations).
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' T.y v- a-- Systems

Any lens optical constitutes a definite combination of lenses, therefore,

basic operational principles of such systems can be explained by the example of the

work of a single lens. The lens is that component made out of some kind of trans-

parent material, limited by one or two spherical surfaces whose centers are dis-

posed on one line called the main optical axis of the lens (Fig. IV.18a).

For description of geometric forms

and properties of a lens it is sufficient

to know the radii of curvature of surfaces

rI and r 2 , axial thickness d, diameter D

and index (refractive index of material
Fig. IV.lia. Pav.meters of
a lens. n, from which lens is prepared.

In the case of collectieg systems (obiez-tives) the basic problem of optics is

obtaining an image of Iuminescent points or extended objects.

An image of luminescent points, obtained with the help of lenses, differs

from real Bources by the fact that although from the real source radiant flux spreads

to all sides and may be revealed from all sides, from its image, obtained with the

help of a lens, radiant flux spreads in a limited solid angle w. The magnitude

of this solid angle is determined b3 the relative opening of the lens. Thus, if

one decreases the diameter of the lens by the diaphragm, then the solid angle will

be narrowed and, within limits, an image will be observed only in one definite

direction (Fig. IV.18b).

In the C.. .. derad a:.mple source of radiation 5 is on the main optical axis

of the lens. Its image S' is obtained also on the main optical axis at a point

called conjugate. If one moves the source of ridiation from the lens to such a

distance that it is possible to consider the rays falling oi the lens parallel, then

the image will be at a point called main focus F.

I I I I I I I I I I I I I I I I , , , ,A



"The distance from the main plane of

lens HH te the main focus is called main
4 (a),egp, focal lengt,i r . Main focal length I'

depends on magnitude and direction of

radii of curvature, refraction index of

N material and thickness of lens
Fig. iV.lSb. Observation of an
image of a luminescent point
through a lens. - _ _r,

KEY: (a) Unseen. (a - in (f, - r + (n-)d (-V.3)

In diagrams of objectives there are usually indicated magnitudes t" and u'

(summit focal length). This allown us to find the main back focus F' and, deferring

to the left o.' it, the main focal length f', to obtain the positions of the main

plane H'H' (Fig. IV.19).

of . Introduction of the idea of main

plane H'H' allows us to replace the
V F'

- -actual refraction of the ray on all

• surfaces of the lenses of the objective

-f' by a fictitious one, and thereby carry

Fig. IV.19. Definition of the out more simply, a geometric construction
main plane of objective.

of the image.

Illuminance of the image created by the objective is proportional to the

candle-power, i.e., the illuminance of the image is increased with an increase of

diameter and a decrease of focal length of objective

k r I (TV.4)

In this connection one should consider the question concerning brightness of

the image of the observed object obtained with help of the objective. Here two

cases are characteristic: observation of an extended object and observation of

a point source of radiation (Fig. IV.20).
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In the first case at distance 1 from the objective with an area of inlet S

there is a body with surface a. The image of this body with area at is constructed

by objective at distance II:

(IV.5)

Radiant flux, directed from the bxdy to the objective may be defined by

formula

where B is brightness of surface a;

S
-- Ir is solid angle, in which flux 0,spreads, consequently,

&eSO= to ., (Iv.6)

d Rhaerging from the objective,, radiant

flux will decrease its magnitude due to

losses in the objective

Fig. IV.20. To calculate brightness

of image. This fluy creates an observable

image by area at and brightness B,

61 Aq1S tBs

whence

B,1=B. (Iv.7)

Consequently, brightness of the image built by the objective is always less

than the brightness of the observed object ( v< 1).

Illuminance of the image created in this case by the objective may be calculated

by the formula
E , B'S ,BS
• 1 2 (IV.8)

If one considers, with optica- instruments, point sources of radiation, then

one can obtain also amplification of brightness of the image. However, in this

case a decisive role is played by a characteristic of the work of the eye during

observation of extended and point o:)Jects.

! I I I I I I I I I I I I J• I I I An



During observation of a point source all of its image falls on one light sensi-

tive element of the retina of the eye regardless of whether it was considered by

the naked eye or through an optical instrument. During observation of a source by

the naked eye the luminous flux falling on an element of the retina is proportional

to the area of the pupil of the eye. If, however, a source is observed in an

optical instrument, then on the eye falls a luminous flux proportional to the area

of the objective. Thanks to this the brightness of the image increases proportion-

ally to the ratios of the squares of the diameters of the objectivs and the pupil

of the eye. And since the brightness of background, as an extended object, remains

constant, contrast of image simultaneously increases.

Very frequently optical systems are

characterized, along with the idea

"relative opening" or "candle-power,"

by the idea "aperture of optical system"

(Pi. rv.21).
Fig. IV.21. Aperture of an
optical system. Angular and numerical apertures

differ. Under angular aperture we under-

stand maximumn angle a between extreme effective rays of a conical light ray passing

into the optical system. Numerical aperture is n sin -;-, where n is the refraction

index of a medium in which the object is observed. With the help of the aperture

one can determine the quantity of effective radiant flux and resolving power of the

optical system. Thus, the brightness of the image is proportional to the square

of the numerical aperture, and the resolving power is proportional to the angular

aperture.

In instruments intended for visual observation in infrared rays, along with

objectives, ocular systems are also used. In its simplest form the eyepiece is a

magnifying glass (magnifier) allowing the eye to observe an object under an in-

creased angle (Fig. 1V.22).
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The magnifier is placed before the eye, and the considered object - at a

distance equal to, or somewhat smaller than the focal length of the magnifier. In

this case there is obtained an imaginary straight line and an increased image of

the observable object.

The magnifying power of the ocular

system is characterised by the ratio of

the tangent of the angle at which the

object is seen through the magnifier to

the tangent of the angle at which the

Fig. IV.22. Construction of an object is seen without the magnifier from
image by a magnifier.

a distance for best eye sight, 250 mm:

ro.= tan--- (IV. 9)*tan ,

If the object is in the focal plane of the eyepiece, then from every point of

the object from the eyepiece emerges a parallel pencil of rays which leads by eye

to the point, and on the retina is obtained a sharp image of the observed object.

This case is the most frequently encountered in practice, since the eye of the

observer is in a state of rest and. consequently, does not cause fatigue. In this

case the magnifying power of the eyepiece may be determined from relationship

r -., (Iv.i0)

From formula (IV.1O) it is clear that the magnification of the ocular system

can be very large if one decreases its focal length. However, the practical limit

of the magnifying power of the eyepiece is determined by the minimum permissible

focal length from the point of view of observation convenience. Therefore, in

optical instruments, including infrared instrnnents, eyepieces with a magnification

of more than 15-20 times do not find application. Total magnification of such

instruments is determined by the ratio of the focal length of the objective to the

*Phe Russian subscript "OK" indicates "ocular".-Ed.
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focal length of the eyepiece, but in a case of the presence of an intermediate

element (for instance, an image converter) also by its magnification.

Io, Lo o,,(Iv.II)*

where ro.o. is the electronic optical magnification of the converter.

The useful range of focal lengths of ocular systems, applied with a given

objective, is limited, on the one hand, by weakening of light distributed on too

magnified an image (lower limit), and on the other - by the magnitude of the output

pupil (upper limit).

The diameter of the pupil of a man can change from 2 to 8 w. Since the

purpose of the eyepiece is to gather all the light from the observed object and

to direct its parallel beam to the eye, it is necessary that all the light enter

the eye opening. This is especially important for instruments working in conditions

of low illuminance. Therefore, in eyepieces, as a rule, we try to get an image

picked up near the eye to a circle in diameter less than 8 am.

6. Reflective Optical Systems

Reflective optical systems [spherical or parabolic concave (convex) mirrors)

find application as optics of irradiated systems of instruments of night vision,

in heat direction finding instruments, and in homing devices for focusing radiant

flux from a target to a sensitive element. and in other devices where it is not

necessa.7y to obtain simultaneously all the image of the field of survey (Fig. IV.23).

A real reflector has two surfaces - the face and the back. The facing surface

is turned toward the source of radiation or the sensitive element. It determines

the aperture of the reflector (a circle limited by the edges of a mirror) or its

light opening. Th-ie distance from the shear plane of the reflector to its slit

is called depth (H). The point at which the rays gather, which fall on the

*The Russian subscript "06 " indicates "object."-Ed.
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reflector of the optical axis in parallel is called the focus of reflector F, and

the distance from sumimt 0 to focus is focal lngth f.

Angle of scope w of the reflector is called a solid angle with sumuit in

focus, resting on the light opening. Its value may be expressed through plane

angle NamKc * in the form of relationship

u(IV*12)

a' Depending upon construction (Fig.

IV.24) reflectors are subdivided into

small (quamc< 1800), deep (Opuaxoa' 1800),

a) r and with a blind spot. The latter have

an opening in the central part, against

which something is attached which shields

this part.

"Since the source of radiation or the

sensitive element has finite dimensions,
Fig. IV.23. Basic parameters
of a reflector, reflectors have a certain angle ofKEY: (a) Maximnmz.

divergence (2a ), the magnitude of which

is determined by the ratio of dimensions of the radiator (sensitive element) to the

focal length of the reflector. In certain cases angle 2a is assunAed to be the

instantaneous field of sight of the optical system.

Because of the presence of an angle

of divergence in reflectors of irradiated

devices the axial luminous intensity

remains constant only from a certain
Fig. IV.24. Types of reflectors.
1-small; 2-deep; 3--with blind distance L0 , called the distance of beam
spot.
KEY: (a) Maxium. shaping. Starting from this distance,

*The Russian subscript "makc" indicates "maxinum. "--Ed.
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which exceeds by tens and hundred. of time the focal length, it is possible to

apply the inverse square law, determining irradiance at distance L:

I7 L (MY.13)

At present in infrared instruments

both glass and metallic reflectors find

application.#4

As an example of the application of

glass reflectors in heat direction

finding system, in Fig. IV.25& there is

Fig. IV.25&. Diagram of the optics given a diagram of the optics of an
of an infrared hosing device "Krebs". infrared homing device "Krebs" (Germany),

intended for guiding fire ships to ships of an eneM.

The optical system consists of convex mirror 1 with a diameter of 35 m, on

which radiant flux falls from target 2 through blind opening of concave mirror 3

with a diameter of 250 u. and with focal length 55 mm. Reflected from mirrors the

radiant flux proceeds to mirror condenser ("light trap") 4 and from there to re-

ceiver 5. In the focal plane of mirror 3 there is screen disk 6, alloving de-

termination of direction to target - "to the right - to the left". Field of sight

of optical system is 450, however on its edges sensitivity sharply drops which

permits, virtually, the use of only the central part of the field, i.e., 20*.

In Fig. IV.25b is shown a diagram of a two-mirror objective, in which the blind

opening serves for transmission of flux to receiver.

Along with the glass reflectors in infrared instrwenta, metallic also find

wide application. The latter are simpler in manufacture, cheaper, and have lose

weight as compared to glass.

Coarse metallic reflectors, obtained by electroplating or electrochemical

method, are used in irradiated installations and any kind of signaled devices.

Accurate metallic reflectors for mirror objectives and heat direction finding

instruments are obtained by electrolytic method.
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Fig. IV.25b. Diagram of mirror objective.

7. Combined Optical Systems

Mirror and mirror-lens objectives, coming into use relatively recently, allow

us significantly to decrease dimensions of optics (length) with great focal length

and to avoid chromatic distortions connected with the passage of radiant flux

through the great thickness of glass.

In spite of the fact that construction of mirror objectives was known as

early as Newton, the obstacle to their manufacture for a long time was the difficulty

cf manufacturing umdiuring mirrors. Only after adjustment of the technology of

manufacturing aluminized mirrors did it become possible to prepare mirror-lens

systems with high reflectivities (Fig. IV.26).

From examining the optical diagram

of a mirror-lens objective the distinctive

peculiarity of such system is conspicuous

that the presence of an annulir form of

Fig. IV.26. Diagram of a mirror-lens entrance pupil decreases its area. Due
objective. %- U,to thi, the area of the entrance pupil of

mirror and mirror-lens objectives is less than a lens of the same diameter.

In Fig. IV.27 is given the diagram of the objective of a German homing devize,

the "Vasserfal" ("Waterfall"), consisting of concave positive mirror 1 with a

diameter of 250 mm and a focal length of 450 m, convex negative mirror 2, co recting

86



lens nt r focus 3 for correction of aberration comae, screen 4, condenser 5 and

photocell 6. Field of eight of optical system 29 m 60.

In certain constructions of mirror-

lens objectives, on a lens serving for

J 40 the protection of the concave mirror

from dust, sweating, and mechanical damages,

is placed also the correction of spherical

aberration, comae, and astigmatism.

Fig. IV.27. Diagram of mirror-lens Furthermore, on this lens is glued a
objective of thermal head "Vasserfal".

second - negative, reflecting surface.

Such objectives have obtained the name of meniscus. There can also be established

simultaneously two lenses - for entrance to the objective and after output of ',;,e

beam from the blind opening (near focus). In Fig. IV.28 is given a diagram of a

meniscus objective with two correcting lens systems and two reflecting mirrors.

A blind for the concave mirror is introduced in order to protect the image from

rays which can penetrate into the bypass of the negative mirror.

At present sufficiently simple

diagrams can be made of mirror-lens

systems for infrared homing devices

(Fig. IV.29), working jointly with cowls

and having a sufficient field of sight

and good resolving power.

Fig. IV.28. Meniscus objective of These diagram include primary

D. D. Maksutov (f = 260 mm, A =1, concave mirror 1, secondary mirror with
5, 6).

external or internal reflecting layer 2,

cowl 3, and correcting lenses 4. The cowl in these diagrams p.ays an active role,

lowering the spherical aberration of the optical system.
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The best of these diagrams d , does

< not have spherical and chromatic aberra-

a) C) tions and ensures the size of the circle

of confusion - 2 mrdn when angles of

incidence of radiant flux are 60, and

b) near 2.5 mrdn when angles of incidence

are 12*. Such a quality of obtained

Fig. IV.29. Diagram of contemporary Images makes the diagram promising for
mirror-lens objectives for infrared
homing devices. infrared homing devices and heat-direction

finding instruments with a large field

of sight.

For systems with a small field of sight diagram c is very convenient, which,

when the cowl is made from fused quartz and the secondary mirror-lens and correcting

lens from trisulfide of arsenic, allows us to obtain a circle of confusion near

I mrdn for beams at an angle of 20 and less than 4 mrdn for beams at an angle of 4*.

However, in this diagram chromatic aberration increases the image of the circle

of confusion all over the field of sight to 0.5 mr-dn.

8. Losses of Radiation EnernM in Optical Systems

During passage of radiant flux through optical systems its weakening occurs

due to:

absorption by materials of the systems,

reflection from surfaces of lenses and other optical parts, and

scattering of radiant flux in the thickness of the material.

Absorption of radiant flux even in the most transparent optical glass is caused

by the presence in them of impurities of oxide of iron and chromium, proceeding into

the glass during cooking. It is characterized by a coefficient of absorption on

the way, equal to 1 cm. For the visible part of the spectrun, depending upon the

sort of glass, the coefficient of absorption varies within limits of 0.01-0.03,
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dropping in the near-wave infrared region of the spectrum. Therefore, with thick-

ness of mlass m cm, transmissivity of the optical- system On-- due to absorption of

radiation energy may be determined from relationship

S.--- (I -- a)-. (IV.•4)

Losses on reflection of radiant flux take place both in lens and in mirror

elements of optical systems. These losses depend on the refractive index of the

medium in which radiant flux spreads and the angle of its incidence to the boundary

of the two media.

In a case of reflection of radiant flux from interface "air-glass" or "glass-

air" with angles of incidence up to 45-50* to the normal, reflectivity may be

calculated by the formula

(n) (rv.15)

where n is the refractive index of the glass from which the lens is prepared.

In Table IV.3 are given values of refractive indices of certain optical media

for various wave lengths.

Table IV.3. Refractive Indices of Certain Optical Media

Refractive Index n
Material X - 0.68u X 2 . 2 

I X = 4.3

Air ................................ 1.000292 -

Organic Glass ...................... 1.49

Canadian Balsam .................... 1.54 --

Optical Glass ...................... 1.5-1.92 1.5-1.7 -

FN J Quartz ....................... 1.43 1.43 1.37

Arsenic Trisulfide ............. - 2.38 2.35

Sapphire ........................... 1.77 1.73 1.68

Lithium Fluoride .............. 1.39 1.38 1.34

KRs-6 .............................. 2.63 2.2 2.19

Germanium .......................... 4.13 4.08 4.02

Calcium Bromide ......................... 1.55 1.54 1.53

Silver Chloride .................... 2.071 2.01 2.00
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For the most wide-sprwad m-aterl for ob4ect4Vs- of infrared instruments of

the near region of the spectrum (glass) the refractive index oscillates within

limits of 1.5-1.92; therefore, in accordance with formula (IV.15) reflectivity from

one interface between glass and air can be assumed equal to 0.04-0.06.

In case of presenrce n of reflecting surfaces, tranamisivity of objective

(or atny optical unit) during calculation of onI. Losses on reflection may be

calculated by the formula

st, =(I -- P)". (IV. 16)

Taking into account losses on absorption and refiection transmission of an

optical systae can be calculated by the forafula

60.o a--,,,.-- 0 -- 0" (0 -- CO.. (IV.l?)*

Losses of radiant flux in the thickness of the medium from which the optical

system is made are caused also by its scattering due to presence in the medium of

t.ome kind of heterogeneities: bubbles, knots, mall stones, and so forth. These

losses, as a rule, are increases in the process of operating the instruments during

careless treatient which leads co the appearance of scratches, spots, and deposits

on the surfaces of optical parts, to their sweating, being strewn with small

particles of mud A-d metallic shaving, ungluing of glued surfaces, etc.

Losses of radiation energy can be essentially narrowed down to two methods:

reduction of the quantity of reflecting surfaces and brightening of the optics.

In the first case a decrease in losses is attained due to gluing separate

parts cf th* optiaai system by Canadian balsam or balsamine, having a refraction

index close to glass.

'Ahen glu:Lg of optical parts is not allowed, brightening of optics is applied.

Under the brightening of optical parts we understand decrease of refiectiv ..y of

radiation energy from operating surfaces of optical components by creating on them

films with a refraction index close to the refraction index of the material from

WWh-3iussian svbscript "o.c." Lidicates "optical system. "-Ed.

I I I II III I i i, ,,' 'n



which the optical part is made. This film, while decreasing the loss of radiant

energy, increases the actual candle-power of the optical system, decreases the

magnitude of illumination, mend render.s a.ti-hao action.

In Fig. IV.30 is shown the effect of the brightening layer on the transmission

of a germanium filter.

Applying brightening films to optical

5D77 e parts may be carried out by either

", \? 0L.. fa chemical or physical Aeans. In the
~ so~ -~~ -41,(7 ~ 4

n'. I - first case the film will be formed due

S40- --- ,
-14z to change of structure of the ultrafine

02surface layer of the optical component

''A.*9LI~Z ma mwhen under the effect of chemical compounds

Fig. IV.30. Transmission of
germanium filter before (1) (for glass, for instance, siliceoua acid).
and after (2) applying the
brightening film. In the second case on the surface of the
KEY: (a) Transmission, %;
(b) Wave length, 1 A brightened -art by evaporation is de-

posited fiLm from another transparent

substance (for glass - fluorides of magneuium or calcium).
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CHAPTER V

R]XEIVERS OF RADIATION ENEMY

1. Classification of Receivers of Radiation Ene

In the optical region of ',ne spectrum of electromagnetic oscillations there

are four basic methods of registering the energy of radiation, visual, photographic,

photoelectric, and radiometric. However, although the last three methods find

wide application in laboratory practice, in infrared instruments for military

purposes, as a rule, the photoelectric method of registering radiation is applied.

Table V.1. Classification of Receivers of Radiation Energy

Nonselective receivers Selective receivers

Thermoelements Photocells with photoeuission

Bolometers Photocells with photoconductive
effect (photoresistance)

Pneumatic indicator Photocells with photovoltaic effect

Atmograph Photocells with lateral photoeffect

Radiometer Photocells with photomagnetic effect

Optical-acoustic receiver

The photoelectric method of registering radiation, with which there occurs

direct energy transfer of quanta of radiation to electrons of a photosensitive

substance, is characterized by very high sensitivity and little time lag. However,

93



peculiar to it, in distinction frzv the radiometric method, is an irregularity of
sensitivity with respect to spectrum within a coaparatively narrow wavelength

range (Fig. V.1).

Table V.1 presents a more detailedI classification of receivers of radiation,

and the subsequent paragraphs consider

in detail only photoelectric receivers,
S~an the most wide-spread, and in same

measure superconducting bolometers. With

the work and characteristics of contem-

diagrams it is possible to become ac-

-b-)•+M *AW.A quainted with corresponding courses of

Fig. V-1. Relative sensitivity physics and spectroscogy.Sof indicators of infrared
-- radiation.

I--bS cooled (1930K)j 2-PbTe 2. Nonselective Receiverscooled (90oK).- 3--PbSe cooled of-Radiation Eneo~NOOK); 4,I+•- cooled (9010);
5--Co cooled (900K)$ alloyed

with Au; 6--PbS uncooled (293oX); Based on the principle of action of
7--Thermoindicator.

KEY: (a) MInJ=u threshold nonselective receivers of radiation, forsensitivity, units of power; (b)Wave length, . which the transformation of radiation

energy into thermal must occur, a series
of specific requirements is presented to them.

1. Receiving surface should have high absorbing ability. Usually this is

attained by "blackening" of receiving surface.

2. Time lag of the receiver depends on build-up rate of its temperature.Coneseou ntly. It k,,1 m %.4-.•.+ -.. .• ..-ne,-- ............. 3u-te d ,taora and maNLi thermal losses because of
thermal conduction and radiation. This demanded the development of structures of
thermal receivers with the application of deep cooling and vacuum, and also tie
selection of semiconductors and dielectrics as receiving swfaces.
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In military instruments of infrared technology thermal receivers, due to their

insufficient sensitivity and high time lag, do not find, at present, wide application.

In Table V.2 are given data of certain contemporary thermal receivers which are

usnd in research laboratories.

Table V.2. Basic Characteristics of Contemporary Thermal Receivers

Area of Re- Temper- Tie Threshold of
Type ceiving ature, Constant, Sensitivity,

Surface, cm2 IK sec w/cm2

Thermoelement of %ast .... 1.5.10-2 300 8-16-3 1.3.10-7

Thermoelement Metallic... 5.10-3 300 3.6"10-2 10-8

Thermoelement of Kozyrev. 2.4.10-2 300 2.3-10-9

Metallic Bolometer of
Brockman ............... 5.3"10- 300 50-10-4 9"10-6

Semiconductor Bolometer 50_0
of Moon ................. 0.5.10-2 300 50"10-4 5"

Dielectric Bolometers of
Clays ................... lO. 300 0.1 l00" iO-O

It is natural that for registration of fast-flowing processes the above

considered receivers of radiation cannot be used.

Ftrom the point of view of military application, of known interest are super-

conducting bolometers, possessing high sensitivity in a wide range of infrared

spectrum and a comraratively small time lag.

The phenomenon of superconductivity of certain materials was discovered long

ago and consists of the fact that near absolute zero (t = 273.15C) resistance of

certain r-Aterials drops practically to zero with a change of temperature several

thousand fractions of a degree as compared to the initial critical temperature.

consequently, such materials, in conditions of superconductivity, will possess

very large temperature resistance coefficients, which is one of the necessary

conditions for obtaining highly sensitive bolometers. Heat capacity of materials



in conditions of superconductivity becomes extraordinarily small, which is the

second condition for obtaining highly sensitive bolometers. Furthermore, at very

low temperatures fluctuations of voltage on clamps of the sensitive element sharply

decrease, approaching zero. This allows significant amplification of useful signal,

usually limited by its own circuit noises, and, consequently, improvement of the

sensitivity threshold of the receiver.

In spite of the evident promise of such bolometers, for a long time we did

not manage to obtain any useful, operational instrument. This is explained by the

fact that for an overwhelming majority of materials the phenomenon of superconduct-

ivity sets in at very low temperatures (lead 40K, tantalum 3.22-3.230K), which it

is possible to ensure only by using liquid helium as a cooling agent.

The discovery of the phenomenon of superconductivity for nitride of niobium

and columbium nitride at higher temperatures, obtained during the application of

liquid hydrogen, allowed the creation, on their basis, of useful superconducting

bolometers and the studying of their basic properties (Fig. V.2).

For columbium nitride the transition

from normal state to superconductivity

J Uc) sets in between 14.34 and 14.38OK. In

this range of temperatures on a linear

section of the curve the change rate of

resistance constitutes a magnitude of

105 olh/degree. To obtain such temper-

atures is significantly simpler, since

the application of liquid hydrogen is
Fig. V.2. Change of resistance
of a superconducting bolometer sufficient. The laboratory of John
of columbium nitride.
i%* %&,a nuesistance, ohm; (b) Hopkins University in Baltimore, where a
Absolute tumperature, OK; (c)
Degree. superconducting bolometer was made from

columbium nitride, developed also a
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rmrtable installation weighing 24 kp for obtaining liquid hydrogen from the usual

gasiform with a productivity ensuring filling of a thermostat during 2 hours (PiF.

V.F /,

A bolometer consists of tape 1 of

7 columbium nitride 6 m thick, 0.25 mm

wide, and 5 mmn long, glued with the helý

- of bakelite varnish on the face of a

- massive copper cylinder, 3, 1 cm in

diameter and surrounded, for mechanical
Fig. V.3. Construction
of superconducting protection and protection from outside
bolometer.

radiation, by copper hemisphere 4. The

cylinder is dipped in thermostat 6, consisting of several dewar vessels, filled

with liquid nitrogen and hydrogen. The sensitive element is in a vacuum at a

temperature of 140K. In order to bring the temperature to the most favorable

(14.36°K), in direct proximity to the mass of copper surrounding the bolometer is

located a 500 ohm resistor 7, through which a 10 ma current is conducted.

Required temperature and efficiency of bolometer remain constant for 4 hours

after charging.

Fluctuating noises of voltage on clamps of the bolometric resistor are equal

to approximately 0.5 X 10-6 microvolt, i.e., correspond to a signal with an average

energy of 10-5 erg, however, applying narrow-band amplifier, it is possible to

improve threshold of sensitivity to 2.10-6 erg, or 2.10-13 w.sec.

Since construction of a bolometer ensures fast heat removal caused by absorption

of radiation energy due to thermal conductivity and fast return to a state of

equilibrium after ceasing of action of radiant flux on sensitive element, then the

time lag of such a bolometer is insignificant. In Fig. V.4 is given the growth

curve of the sgnal depending upon the time of irradiation of the bolometer by a

radiant flux modulated with a frequency of 13 cps. As can be seen from the curve,
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the sipnal attains maximum value during the time of 0.3 millisecond. Consequently,

the time constant of a superconducting bolometer may be estimated as 0.0003-0.001 sec.

-k At. present a large quantity of

bolometric diagrams are known, founded

ANIM WWN I 'N, Won the phenomenon of superconductivity

S(c)4prn•, and used, so far, for spectroscopic

Fig. V.4. Growth of signal targets. Introduction of bolometric
of superconducting bolometer,
depending upon time of its diagrams in applied technology of infrared
irradiation.
KEY: (a) Relative sensitivity; rays, including military, so far prevents
(b) Noise level 5.10-9 microvolt;
(c) Fxposure time, millisecond. the difficulty of obtaining necessary

cooling.

However, such a method of registration of thermal radiation is long-term,

since few receivers reveal a flux of radiation energy of 10- w with a sufficiently

small time lag in a wide spectral rane of bensitivity.

Table V.3. Basic Characteristics of Superconducting Bolometers

Author Dipenzion Resistance, Time Threshold Type of
lOhm Constant, of Sensi- Filler

_. _Sec tivity, w

Andrews.... 1.25 5 5.10-4 5•10-10 Vacuum

Yilton..... 0.8 - 1 iO- 4  iO.0- 1 O Vacuum

Nelson..... 0.8 18.10-4 3.5.1O-10 Vacuum

3. Receivers with External Photoeffect (Photoemission)

The region of photoelectric phenomena includes the appearance of electromotive

force under the effect of radiant flux (photovoltaic effect), the change of re-

sistance of substance during it& irradiation (photoconductivity), and the emission

.f electrons from the surface of bodies under the effect of incident radiant flux

(photoemission).
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Tn Isual conditions, in any metal there is nearly ]023 free electrons in

1 cm3 . All of them carry a definite energy supply and freely shift in all possible

directions inside the mass of metal. However, their energy is still insufficient

to allow them to leave the matter. For that, as '-s known from quantum theory, it

is necessary to impart additional energy to the electrons.

Additional energy, in particular, can be energy of infrared radiation, which,

being absorbed by matter, is partially expended on heating it, and also partially

on giving the electron additic'al kinetic energy and pulling it out of the substance.

Thus, in the case of photoemission there occurs a transformation of radiation

energy into energy of flying electrons, i.e., into electromagnetic energy (if

initial velocity of electrons is P * 0).

An electron can abandon a substance (metal) only when radiation energy is

absorbed by the substance and it suffices to surmount the binding forces between

the electron and the surface of a body, and also imparts a certain speed v to the

electron

The first member of equation (V.1) indicates the magnitude of minimum necessary

energy which must be given to an electron in metal in order to pull it beyond the

limits of a substance with zero speed. This energy has obtained the name of

"work function", the magnitude of such energy is constant for pure metals, oscil-

latirip on the average from 1 to 5 ev (see Table V.4).

In this case all the energy of a photon is expended on surmounting the poten-

tial barrier, and expression (V.1) can be written in the form

S=(v.2)

where va is threshold frequency of electromagnetic radiation, at which electrons

depart from the surface of metal with zero speed.

Threshold frequency v, correbponds to wave length 40, called long-wave or "red"

boundary of photoeffect:

"(v.3)
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where Xo is in microns, and To is in electronvolts.

Table V.4. Work Yunction of Ct rtain Elements

Flement ".Electron- Element M Electron-
volt volt

Lithium 2.49 Cadmium 4.1

Silicon 4.2 Antimony 4.14

Calcium 2.26 Tellurium 4.76

Nickel 5.24 Cesium 1.9

(;ermaniumn 4.5 Tungsten 4.5

Selenium 4.4 Platinum 5.36

Silver 4.79 Bismuth 4.25

The '"ork function" can be decreased and, consequently, the long-wave boundary

of sensitivity of photoemission increased by "contamination" of metal, i.e., by

means of the adsorption on the surface of metal of atoms or ions of a substance

with a smaller "work function". In this case on the surface of metal are formed

dipole layers with positive charges turned outward decreasing the magnitude of the

potential barrier. Therefore, all sensitive layers with photoemission, which are

sensitive to visible and infrared radiation, consist of several components.

Photoemission sets in practically instantly after the beginning of irradiation

of the surface of the photocell (time lag does not exceed 3-10-9 sec).

From the point of view of practical application in instruments of infrared

technology, we will be subsequently interested in the following characteristics of

pahotoeinission.

1. Integral sensitivity-the ratio of photocurrent in the circuit of the

receiver to the power of the radiant fluw incident on receiver. Integral sensitivity

is expressed in microamperes per watt or in the case of visible light - in
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microamperes per lumen. For counting it one of the following relationships is

frequently, used:

S_ = let' __ /0 1_ I
. ' (v.4)

where I6 is maxinmm value of photocurrent,

b is incident radiant flux,

6 is irradiance of receiver, w/cm2

q working area of receiver, cm2 ,

I is distance from a source of radiation with a known temperature to

receiver, cm,

Js angular density of radiation, w/sterad.

Frequently integral sensitivity of a receiver is determined by the quantum

yield of its photosensitive layer, under which we understand the quantity of

electrons departing from a photosensitive layer under the effect of one quantum of

incident radiant flux. Quantum yield of a substance capable of photoemission is

determined by the totality of its physical properties. In an ideal case, every

photon falling on the surface of a photosensitive layer can liberate one electron,

i.e., the theoretical limit of photoelectronic emission is quantum yield equal to

unity. However, such an output never is attained.

Part of the energy of incident radiant flux cannot turn into energy of moving

electrons, since it either will be reflected from the surface of the photosensitive

layer or will pass through it without encountering an electron on its way. But

even with full absorption of photons by a substance, the probability of output of

electrons from it is small, since certain photons, while not liberating an electron

completely, will change it into an excited state, and othcr photons, althouwh they

will create free electrons, the latter will not emerge from the substance due to

the loss of obtained energy as a result of nonelastic collisions with other electrons

or due to transfer to its lattice. Therefore, in the best case the quantum yield

of photoemission layers does not exceed 10-20%.
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2. Spectral sensitivity is the

dependency of sensitivity of receiver on

X 14 wve length of incident monochromatic

.rdiant flux. It, in the end, determines

J-A the effectiveness of the application of

infrared instruments during their joint

work with sources of radiation energy.
Fip. V.5. Effectiveness of
oxygen-cesiumi ph*oosensitive In Fig. V.5 as san example is deter-
layer to radia•.on with
different temperature. mined the effectiveness of a reLeiver
KW?: (a) Rel]tive ur.4,• ýb)
Wave length, u . with cesium oxide sensitive layer to

radiation of an electrical incandescent

!aap .with diffeerent color temperature of the filament of incandescence.

3. The threshold of sensitivity (threasold flux) is the minimum magnitude of

radiant flux J-. watts or in lux for visible light, which may be still revealed by

receivirg device.

The threshold of sensitivity -f the receiver is determined by the level of

• -- e in the c1ict'it of the receiver. it. is determined basically by leakage

current and dark current, appearing an a resilt of auto- and theruionic emission.

In inetruments of in.frared technology photoemission is sed in image converters

azd photoelet tronic multipliers, and also in night transmitting television tubes

-f he 'shterzt,| sensitivity. In theme instruments, as photocathodes, are used cesium

o. Ide, cesitum antimonide, biamuth silver cesium photosensitive layerm, and also,

developed e,-ntly, mUhi-alkalt photocatho je. Spectral characteristics of

senaiti•• .y nf there p/hotocathodes are shown in Fi4g V.6.

-he properties of the first three hot~osensitive layere are considered

auficiently in li,.oruturo [D, 2, 3]. Multi-alkali ..it,ýcathodeS have been de-

veloped re!a.ively recently [4, 5], however, in. a whole eiries of properties they
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are of interest as sensitive elements in

instruments of night vission. These1--N-'' properties,, in the first place, are the

cathode and the very small dark currents,

! -.• allowing high amplification of image

Fig. V.6. Spectral sensitivity brightness without cooling of the #foto-
of certain photocathodes.
KEY: (a) Relative sensitivity; cathode.
(b) Wave length, p .

Table V.5. Basic Characteristics of Photocathodes wit~h Photoziassion

Wave length Red Quantum yield Integral
Photocathode of maximum Boundary for the visible Sensitivity,

sensitivity, X O.01 section of the Microampere/luit_ . svectr__

&g-o-cs 0.85 1.4 0.005 50

Sb-Cs 0.45 0.65 0.1 25

->-Cs (0) 0.48 0.70 0.2 90

Bi-Ag-O-Cs 0.48 0.75 0.1 90

Sb-K-Na 0.4 0.62 0.1 60

Sb-K-a-Cs 0.4 0.82 0.2 200

4. Receivers with Internal Photoeffect (Photoresistance)

A photoresistor (FS) is a semiconductor instrument which changes internal

resistance un,.-z Lhe effect of radiation energ.

In distinction from metals where atoms of crystal lattices lose the external

valence electrons, in a semiconductor at low temperatuees the majority of electrons

are connected with atoas o& the 1attice. However, this bond is not durable. While

participating in thermal motion, atoms are rocked about and lose their valence

electrons. Therefore, durlng heating in a semiconductor the quantity is increased
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of electrons able to carry current, which is equivalent to a decrease of its

electrical resistance. This is the first distinction of a semiconductor fror

metal, for which increase of resistance is characteristic with an increase of its

temperature.

Another peculiarity of a semiconductor is the faxct that in it carriers of

current are not only liberated electrons, but also the atoms left without external

valance electrons, which obtain, due to this, positive charge (ions).

In order to grasp this phenomenon, we will turn to Fig. V.?. Under the effect

of applied potential difference to the semiconductor a photoelectron, having left

the outer shell of an outer atom, starts to move to the positive electrode. In

the atom which lost the electron, on the outer shell there remains a free place

- a "hole". However, it remains empty only an insignificant time (10- 3 -10- 7 sec).

Under the effect of the electrical field, to it immediately passes an electron

from a rheighboring atom. This electron, not obtaining full ?.eedom, passes to another

atom while trying to move to the positive electrode. Again the liberated place is

occupied by an electron from an atom more distant from the positive electrode, etc.

Thus, as electrons move toward the positive electrode, "holes" move toward the

negative. This is a somewhat slmplified phyuical picture of the appearance of an

electrical current in a semiconductor during its heating.

Mlotion of the bound electrons from

atom to atom in a direction toward the

• - + positive electrode creates a significant

addition to the current through the

Ge m onsemiconductor. "Holeb" shifting toward

the negative electrode also create an
Fig. V.7. Formation and
displacinnt of "holes" addition to the electrical current,
in a semiconductor.

transferring a positive charge, equal

in absolute valus to the charge of the

electron.
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Equality of electrons and "holes" can take place only in a case of an absolutely

intrinsic semiconductor. The presence of even an insignifican-t quantity of 4m ri-

ties creates in a semiconductor either a surplus of electrons (n-type conductivity)

or a surplus "of holes" (p-type conductivity). Since absolutely intrinsic sami-

ýonductors in nature virtually do not occur, in practice we usually deal with

photoresistors having either electron (n) or hole (p) conductivity. Works of recert

years have established that the presence of impurities in a semiconductor very

strongly increases (sometimes tens of millions of times) its specific electrical

conductivity. In this also lies one of the distinctions of a semiconductor from

metal, for which electrical conductivity drops with an increase of impurities.

Introduction of impurities in a semiconductor allows decreased width of

forbidden band AE. Let us remember that under the width of the forbidden band,

expressed in electronvolts we understand the minimum magnitude of energy whicn

must be imparted to an electron so that it may pass from a bound state to a free

state (in the conduction band). Width of the forbidden band, as also the work

function in the case of external photoeffect, determines the long-wave boundary

of sensitivity of the semiconductor photoresistance.

Table V.6. Semiconductors Possessing Photoconductivity in the
Infrared Region of the Spectrum at t 200C

(according to Frederick and Blant)

Compound A E A u Compound O EA
Electronvolt Electronvolt

PbS 0.14 3.1 Mg2 Sn 0.22 5.6

PbTe 0.34 3.7 Ri 2 S3  1.25 0.9F

PbSe 0.25 5 Ag; 0.9 1.38

InSb C.16 7.8 1 MS 2  o.6 2.1

InAs 0.3 4.1 HgTe 0.4 3.1

CaSb 0.65 1.9 ZnSb 0.55 2.25

Mg3Sb 2  0.8 1.55 Cd3 As2  0.6 2.1
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In Table V.6 are presented values of width of forbidden band and ong-wave

boundary of sensitivity of certain semiconductor compounds possessing photocon-

ductivity in the infrared region of the spectrum.

Subsequently will be considered only some of the photoresistors shown in the

table since others present now only a theoretical interest for understanding the

phenomena occurring in semiconductors.

It is necessary beforehand to stipulate that in published materials various

authors introduce different values of width of forbidden band and long-wave boundary

of sensitivity. This is possible to explain both by the degree and character of

contamination of the investigated samples and the accuracy and method of the actual

experiment. Furthermore, in the majority of works it is assumed, as in the given

table, to characterize the long-wave boundary of sensitivity as that wave length

where sensitivity constitutes 50% of the maximum value. However, certain authors

hold the boundary to a sensitivity 10% of maximum. To facilitate comparison of

different works we will subsequently keep to the definition of the red boundary of

sensitivity as taken in Table V.6.

Historically, photoresistors from compounds of lead: lead sulfide, lead

telluride, and lead selenide first found application in instrunents of infrared

technology as receivers.

These compounds are semiconductors with electrical conductivity of both

electron and hole types and with mobility of current carrier 1-50 cm2.sec-v for

polycrystalline layers, obtained by evaporation. in single crystals mobility of

the current carrier is significantly higher and constitutes at room temperature

(2900K) a magnitude of the following order:

PbS PbTe FbSe
Mobility of electrons 640 2,100 1,400 cw2 /secJ v
MobilA .y of holes 800 840 1,400 cm /sec-v
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At low temperatures mobility of the current carrier sharply increases and

attains for PbS at 77*K 10 4 cm2 /sec.v and at 200K l0 5 cm2 /3ec'v. This ensures in-

crease in sensitivity of photoresistors during their cooltig. Differing from

thermal indicators, photoresistors have a clearly expressed maximum of sensitivity

and little time lag.

In spite of the fact that in nature we encounter pure crystals of PbS - Galena,

PbTe - Altaite and PbSe - clostalite, in instruments of infrared technology are

applied artificial photosensitive layers of these compo'ids.

Recently there have been developed two methods of obtaining photosensitive

layers - chemical and physical.

In the firr. case, the film of the photosensitive layer is precipitated from

solution in the presence of an oxidizer. These layers can remain open in the air

after covering by protective varnish.

In the second case the sensitive layer is obtained by evaporation in vacuum

with subsequent preheating Ji atmosphere with small press'ure of oxygen or direct

evaporation in atmosphere with low pressure of oxygen.

Photosensitive layer-. (thickness nearly 1 u ) of photoresistors, obtained by

evaporation, forin a porous structure consisting of accumulations of small crystals

from 0.1 to 1 u in dimension. Resistance of obtained layers of PbS and PbSe at

room temperature is of the order of 0.5-2 Mobs. During cooling of layers their

resistance sharply increases, attaining for PbTe and PbSe valueb of many megohm

(for instance, for PbTe up to 30-50 Mohm).

With the cooling of photosensitive layers of compounds of lead is connected one

more of their properties: with increase of iepth of cooling the maximum of spectral

sensitivity and the long-wave boundary are displaced in the direction of longer

waves with a simultaneous increase in time lag of indicators (Fig. V8a - c).

From the given curves plotted in semil ga&ithmic scale, it is poas±Lble to note

that with large wave lengths photoresistor sensitivity quickly decreases.
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Itt-
CU '(b),Fig. V.8b. Change of spectral

'(b)•• .sensitivity of PbTs during

(b) AL ýw mwcoolig
Fig. V.Sa. Change of spectral KET:(a) Relative sensitivity;
sensitivity of PbS during (b) Wave length, u
cooling.
KEY:("a) Relative sensitivity;
(b) Wave length, P'

Fig. V.Sc. Change of spectral senuitivity
of PbSe during cooling.
KEY: (a) Relative sensitivity; (b) Wave
length, i'

Mohs (6), offering to consider the red boundary of sensitivity as that wave

length ( Aa , 5) where it is equal to 50% of maximum value, gives the following

values of it Lt various temperaturesj

Photoresist 3r Temperature, OX

295 1915 90 20

PbS .9 A 3.3 u 3.Bm 4.1. A

PbTe 3.9A' - 5.1 t 5.9 A

PbSe 5.0. -m 7. 1 S.2iA
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Smith [24], publishing a great survey on photoresistors on the basis of

compounds of lead, introduces analogous data and, at the same time, values of red

boundary during a sensitivity equal to 1% of maximum value:

Temperature, °K
Photoresistor 29 90 20

295 9C 2C

PbS 3.5 A 4.5 A -

PbTe - 5.75 u -

PbSe 7 u 9.3 u 10.2

The integral sensitivity of photoresistors from compounds of lead also strongly

changes with temperature. Thus, for PbTe at room temperature it turns out to be

immneasurably small. As a rule, integral sensitivity of compounds of lead grows

i•ith lowering of temperature to temperature of liquid air, after which it remains

practically constant [7]. Lead sulfide photoresistors (in distinction from lead

telluride and lead selenide) can work even at room temperatu. as, i.e., without

coolinp; however, their sensitivity in this case noticeable decreases. It was

determined that at room temperature photcresistor sensitivity changes approximately

5% with a change of temperature by 10C.

Limitirg sensitivity of PbS is no less than 100 times higher than sensitivity

of contemporary thermoelements. Minimum energy which can still be detected by a

PbS photoresitor near the maximum of its sensitivity with a 1 cps passband has a

magnitude of the order of 10-12 w. Smith [24] introduces a calculation of the

sensitivity of uncocled PbS to radiation with a temDera-ure of 200C in a I erla

pasaband, which turned out to be equal, in this case, to On * = i0-I0 w. Cooling

by solid carbon dioxide increases sensitivity and allows the recording of radiation

with X - 2.2 A with a power of 4.10-12 w/cps. Measurements were made with a

modulation frequency of radiant flux of 800 cps.

*The Russian subscript ,n , indicates passband.-Ed.
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Photoresistors from PbTe during deep cooling have a liriting sensitivity also

in 100 and more times better than contemporary thermelements [8]. Consequently,

it 4.s possible to expect tVat minim=m quantity of monochromatic radiation at

imaximum sensitivity of PbTe will constitute 10-12-10-11 w with a 1 cps passband.

SA photoresistor from PbSe at the temperature of liquid air has an integralI

sensitivity somewhat less than the beat PbTe but exceeds by 6-10 times the seno,-

tivity of the best contemporary thermoindicators, i.e., it should be equal to

3.10-11 w. In distinction from PbTe, PbSe has noticeable sensitivity at room

temperature.

Mobs [6] introduces calculated data of the sensitivity threshold of photo-

resistors from PbS and PbTe, presented in Table V.?.

Table V.7. Calculated Data of Limiting Sensitivity of

Photoresistors from PbS and PbTe

Type of Photo- T, OK q,9 M2  rAd A 0 w
resistor radiation* n

PbS 273 1 5"I0- 1 4

PbS 90 1 - 0.8.10-1-

PbS 293 10 2.2

PbS 90 10 2.2 4"10-12

PbTe 90 1 4 5•10

The given table shows that when registering radiation with a wave length near

4,u to which lead sulfide photoresistors become little sensitive, the advantages

of •61%ure lawLru firom lead telluride sharply increase.

These advantages are graphically shown in Table V.8, where data are presented

on the effectiveness of the use of radiation of an ideal black body heated to

different temperatures by lead sulfide, lead selenide, and lead telluride layers.

r -. V9 also. illu4tft-es the depedencyftn Jwh_._J4 -Abreshold of lead

sulfide photoresistors on the temperature of the ideal black body.

I I I I I I I I •' I In E



sensitivity of indAium. antimonide s vser. mali for its wide use in instruments of

infrared technology.

Cooling of indium antimonide displaces the haximum of sensitivity and long-wave

boundary 0,5 in the direction of shorter waves with speed 1.7.10-4 ev/degree,

which it is possible to trace on curves in Fig. V.11.

Various authors give different magnitudes of long-wave boundary of sensitivity

of indium antimonide, however, a majority of them estimate the threshold of sensi-

tivity for radiation with wave length 4 u and with cooling of photosensitive layer

to 90-770K as a magnitude of the order of 10-115"10-12 w/c5. It, is necessary to

assume that divergence in appraisal of long-wave boundary of sensitivity of single

crystals of indium antimonide depends on cleanness of materials and the method of

its determination. Since research of properties of photoconductivity was carried

out with comparativelv pure single crystals of indium antimonide obtained in

laboratory conditions, in industrial scales, where obtaining of very pure samples

is hampered, photoresistors from indium antlimonide can have parameters differing

from those shown in Table V.10. This in sme measure explains parmeters of

industrial ph, Dresistors of indium antimonide (Table V.11) published in the press

of the United States [91.

S-- " Of great interest, along with indium

-- antimonide is germanixii, which also allows

us to carry out different methods of

( i- -- -registering infrared radiation.

J Pure rermanium is a gravy ahnt-ance,
.9 ?

"s"milar to metal and having metallic
Fig. V.11. Spectral sensitivity
of InSb at various temperatures. brightness. From a smooth surface is
KFY: (a) Relative sensitivity, %;
(b) Wave length, M . reflected nearly 50" of visible light.

In infrared region of the spectrum



Table V.8. Effectiveness of Different Types of Photoresistors
"to Radiation of an Ideal Black Body (AChT)

---- _ Effectiveness, %
tACHTC PbS, 2930 K PbTe, 90 0 K PbSe, 900K

300 3.5 25 48

150 0.26 8 26

50 0.01 2 11

20 0.004 1 7

0 0.001 0.6 5

In the latter case calculation was

carried out by the formulas;

P= p C'

where

(V-5

777t7-• is spectral densii., cf radiation

-,,_ __ '-_ of an ideal black body with a

temperature of 3000C and t0 C.

(b. kAMWO- e wR'uueaita~' C S, is spectral sensitivity of photo-

Fig. V.9. Change of the integral resistor.
sensitivity of PbS with change in
temperature of the black body. When registering modulated radiant
KEY: (a) Values of coefficient;
(b) Temperature of black body. flux the time lag of the photoresistor

is large, which is assumed to be char-

acterized either by the frequency-response curve (i.e., dependency of output

signal removed from the photoresistor, on modulation frequency of incident radiant

flux), or the time constant of the photoresistor, characterizing the time during

which the signal receives a value, equal to 50, 63, and 90% of its maximum value.
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Above it has already been noted that the constant of the photoresistor is

significantly lower than for thermal receivers of radiation energy. Thus, the

time constant of PbS, havine a temperature of 2930K, oscillates from 10- to 1O- sec,-50-

and for PbTe and PbSe is less than 10-5 sec.

Depending uopn the method of obtaining the photosensitive layers, time constant

ro5 can take, for PbS photoresistors, a value from 1-2 to several hundred micro-

* seconds with a physical method and from several hundreds of microseconds to 1

millisecond with a chemical method of obtaining the layer.

For these photoresistors there exists a sharp dependency of magnitude of time

constant on temperature. When cooling by solid carbon dioxide or liquid air the

time constant can attain the value of 10-2 sec. Above 2000K the time constant fast

decreases with increase of temperature (in the first approximation by exponential

law).

Significantly less are inertial photoresistors of PbTe and PbSe. Thus, the

time constant of PbTe equal to 5 microseconds, and for PbSe 0.5-1.5 microseconzd,

not decreasing essentially down to deep cooling. This makes it possible to carry

j out with their help the registration of radiant flux, modulated with a frequency

"[ to 20 kilocycle, without noticeable decrease of output signal.

Photoresistore from compounds of lead have found wide application in instruments

of infrared technology as sensitive elements of systems of fire control, homing

guidance systems of rockets, and their noncontact exploding, and in recomaisance

apparatus. They have more than doubled their sensitivity since the Second World

War. Based on published material photoresistore produced commercially in the USA

have the parameters shown in Table V.9.

Table V.9. Parameters of Film Photoresistors for Instruments
of Infrared Technology

Type of A maimm Twcm O, q. sec1ihotoresistor a w/cm2 r, a sec

PbS 2.2 290 0.25 2 .10"i 40
PbTe 4 90 0.04 2"10"I0 10 3

S 77 - 10-9 10
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Despite advances in the creation of photoresistors of high-sensitivity and

quick response on the basis of lead compounds, beginning approximately in 1952

particular attention was given to the study of semiconductor compounds formed from

elements of the II, III, and V groups of the periodic system and also germanium.

Interest toward it was caused by the fact that, in distinction from compounds of

lead, the technology for obtaining such photoresistors is simpler, and they

successfully compete with lead compounds in relation to the long-wave boundary of

sensitivity, time lag, and magnitude of proper noises.

Of these compounds as indicators of infrared radiation, the most widely used

is antimonous indium (indium antimonide) InSb, possessing photoconductivity in film

samples and single crystals, photovoltaic effect, photomagnetic, and lateral

effect. A characteristic peculiarity of indium antimonide when using it as an

indicator of infrared rays is its very little proper noise (to 10-8 v), which allows

us during corresponding selection of amplifying diagram to ensure registration of

very small radiant fluxes.

Time constant for InSb at room temperature and at deep cooling is very small

(to 10-7 sec). It was establishea experimentally that during cooling of InSb by

liquid air, the time after which output signal attains 63% of its mazimum magnitude

constitutes approximately 0.8 microseconds. At room temperature time constant of

photoconductivity could not be measured.

Spectral spread of sensitivity of

- - -//- photoresistors of InSb at room temperature

40 (Fig. V.10) shows that it has the biggest

- - -red boundary of sensitivity of all the

-" known ' uncoole photoesistors ;ý, 7.5-
Fig. V.10. Spectral sensitivity -7.75 s , which corresponds to width of
of InSb at t - 200C.
KFY: (a) Sensitivity; (b) Wave forbidden band 0.16 ev. However, according
length,

to research, in these conditions integral



rpfectivity decreases. Resistance of pure germanimn is 47 ohm'cn, width of

forbidden band at OK is 0.75 ev. Gernanium is very stable chemical•y.

Table V.10. Basic Parameters of Photoresistore of InSb According to ri0o
OK R A watts A 05 Sensitivity,

kft, ' 1A 'I v/w

90 2.08 2.6"i0-11 5.6 5.85 1300

195 1.8 71i0- 1 1  5.6 6 400

249 0.49 4"10-10 6.2 6.85 30

292 0.12 7-10-10 6.7 7.2 1

As an indicator of infrared rays germanium may •e used as P, photoresistor,

photodiode, and as an element changing its dielectric constant during its irradiation

b- infrared radiation.

Table V.11. Parameters of Industrial Photoresistors of InSb,

Released in the United States in 1958

SSensitivity to

Type of Amaxim=n, T, OK q, a2 • sec Radiation with
Photo- A X = 4 M , w/cR2-
resistors

InSb 4 90 0.014 1 3.6"10-9

InSb 4 77 0.001 1 110-8

As a photoresistor pure germanium may be used only at a temperature of liquid

nitrogen, since at higher temperatures it hba very large dark ( renta. For the

purpose of increas-ing the photoconductivity of germanium and expanding the boundaries

of spectral sensitivity it is artificially alloyed by the introduction of atomrs of

gold, antimony, and zinc. The most widely used as a photoresistor is germanium

alloyed with gold. Solubility of gold in germanium constitutes approximately 1015

atoms per i cm 3 . Chi LX1 0tais of germanriu of thA electron and hole Lype, alloyed



with gold, highly sensitive photoremsitors were created sensitive in a region up

to 10 p with its cooling by liquid nitrogen.

In Table V.12 are given data of industrial samples of g ,rmanium photoresistoj

alloyea with gold. In the same place are viven computed values of sensitivity.

Table V.12. Basic Parameters of Industrial Samples of Germanium
Photoresistors Alloyed with Gold (9]

Type of k maximum' T, K m2 Threshold of
Photo-m q, o Sensitivity toresistor # sec Radiation

p 4 77 0.04 1 1 •10

p 4 77 0.12 0.1 4.4.10- O
0*

n 4 90 0.16 20 1.6.10-10

n 4 90 0.16 20 3.8"lO-13*

NCOTE. Computed values of sensitivities are marked by sign *.

In literature there is also reported the development of a large quantity of

germanium photoresistors for the detection of comparatively low-temperature target

According to literature £11] Westinghouse has developed germanium p-type photo-

resistors alloyed with gold for wc-': i the region of 1-10 AA with its cooling by

liquid nitrogen. The photoresistors have a threshold of sensitivity (equivalent

power of noise) 5-10-1 1 w at 780 K and 1.6"10- 1 1 w at 6OOK. Time constant is less

than 0.2 microseconds. It is indicated that PbSe in these conditions has comparab

sensitivity in a wave range of 2-5 Ai with a time constant of 30 microseconds.

Spectral sensitivity of germanium photoresistors is shown in Fig. V.12.

Concerni..• germ-ni-• p-hotoresistors alloyed by zinc and working at a tempera.-i

of liquid helium of type 536-1ZIP, it is reported that their sensitivity spreads

to 40 / with a time condtant cf 0.01 microseconds [12). Photosensitive layer has

dimensions 2 X 2 amm. Threshold of sensitivity to radiation of a black body with

T =- 5001K is characterized by equivalent power of noises 4 ,lO-V w with a I cps



Tas-;barn• .n a modua'.ion frequency of radiant flux of 8(X_ cp".

T is incicated also [13] that on a base of aermanity-m viotoremi-st r allo8ye

by antimony and working a:. a tmperature of liquid helium they managed to create

a laboratory installation for registering radiations in a wave range of 55-40 As

during time constant 10-5 sec.

In conclusion one should note one more property of germanium photoresistors,

which allowed the construction of a highly sensitive radiotechnical device for

registering energy of infrared radiation (14, 15]. This device (Fig. V.13) is a

crystal of germanitmz alloyed with gold, excited at normal temperature by a field

of su•;r-high frequency.

The crystal of germanium is placed inside a cavity resonator with sharp ad-

justment. When infrared radiation hits it, there occurs a change of the complex

dielectric constant of germanium and a detuning of the resonator.

An indicator constitutes a waveguide

its S •tee, one of the arms of which is loaded

MCe ZIN by two identical resonators and germanium

crystals suspended inside them. The

WA sec,.nd arm serves for a supply of Ohf

energy from the power supply. The

signals reflected from the resonators are

"added in the third output arm with a

phase difference of 180*. If reflected
Fig. V.12. Spectral sensitivity
of germanium photoresistor alloyed signals have identical amplitude, then
by different alloys.

e KEY: (a) Sensitivity in relative on output there is nc signal. If, however,
units; (b) Wave length, u .

one of the crystals is irradiated by

infrared rays, then equality of air )litudes and phase relationship will be disturbed

and on output there will appear a noticeable signal.
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S(c)(
(a) &Orpfi(d)

Fig. V.13. Diagram of a germanium indicator
of infrared rays in waveguide.
IMY: (a) Output; (b) Input; (c) Holes; (d)
Germanium; (e) Lene for infrared rays; (W)
Infrared rays.

5. Receivers with Photovoltaic Effect (Rectifying Receivers)

Transformation of radiation energy to electrical with the help of photo-

sensitive layers can be carried out, using rectifying, or, as it is sometimes

called, photovoltaic effect. In essence it consists of the fact that at contact

of semiconductor and metal there will be formed a thin intermediate layer with

one-sided conductivity (barrier layer). During irradiation of such a receiver

by radiant flux the current carrier can shift in only one direction; for instance,

from semiconductor to metal, creating between them potential difference and current

in the external circuit.

Rectifying receivers, as compared to photoemission layers, possess significant

integral sensitivity which is possible to see from Table V.13.

However, rectifying receivers have not found wide application in instruments

of infrared technology because of high time lag, nonlinearity of light characteristic

with increase of load and comparatively small operating wave range 0.5-1.4 j .

In postwar years, becoming widely applied, have been new photoelectric radiation

receivers - photodiodes (7D), phototriodes (FT), whose principle of action is

similar to the barrier-layer effect.
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'rable V.Dj. Tntegral Sensitivity of Receivers to a Source with
Temperature . = 2850"K

Receiver S, microampere/lumen

With photoemission 150-200

Silver sulfide rectifying 3,000-8,700

Thallium sulfide rectifying to 11O00

Photodiodes, as compared to earlier developed rectifying receivers, profitably

differ both in their spectral and integral sensitivity and in their smal1 time lag,

high efficiency, and stability of parameters in time.

At present, the most widely used are germanium r*hotodiodes of three types -

with point contact, with n-p junction and multipliers (phototriodes) with n-p-n

junction, whose diagram of arrangement is shown in Fig. V.14.

(a) ' (a) These photodiodes can be included
"(a) (L1 (C -- • •ie

(a) (b) in circuits for registering radiant

(c) - + fux i two conditions, consecutively

imp (-p-)-with, as a source of direct current,

Fig. V.14. Diagram of arrangement voltage from several vo, ts to 80-100 v
of germanium photodiodes 1, 2 and
phototriode-multiplier 3. (photodiode conditions) and without a
KEY: (a) Light; (b) Collector;
(c) Basic electrode; (d) Collector source of current (rectifying method).
junction.

In the first case there is attained a

significantly large sensitivity of receiver.

A point photodiode constitut-os a laminna of a single crystal of germanium with

electron conductivity (n-type) with deepenin-g on the inte,-al side. in this place

to the germanium is connected a collector - a metallic electrode from resiling

tungsten wire. During irradiation of external surface of the germanium plate, on

the point of the collector will be formed a region nearJy 1 am in diameter with
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-type conductivity, in which is createa a julction of type n-p, determinirg a

,unction in the barrier layer. Sign of displacement in this case corresponds to

the barrier direction, i.e., from the semiconductor to the metal.

In construction, point photodiodes

are made in the form of a cylindrical

"cartridge 5-6 mm in diameter and 10-12 mm

(a) flepr-,p in length. Plate of germanium with point

Fig. V.15. Point
photodiode with contact is strengthened with heat- and
drop of indium.
KEY: (a) Ant n-p moisture-resistant resins for one of the
junction.

face sides of the cartridge, which is the

receiving side of the photodiode. On the other side of the cartridge emerges tho

:2llector lead.

Recently becoming wi A!y used have been point-contact photodiodes, for which,

instead cf a tungstern collector, a drop (welded with it) of a single crystal uf

anothe- substancs with p-type conductivity, for instance indium contacts n-type

germanium. ConstruCtion of such a photodiode is shown in Fig. V.15. In this case,

due to heightened mobility and concentration c'f holes, for indium there is created

a more effective intermediate layer with an n-p junction, which allows, algni-

ficantly, an increase in the sensitivity of point photodiodes.

Germanium plane photodiodes with n-p and n-p-n junctions are prepared from

rectangular plates of a single crystal of germanium v.h various signs of conductivity.
Dimension of plates are of the order of 1 X I X 3.5 m. In a photodode with

rn-p-n junctions, both junctions are disposed at a distance near 0.05 Mm.

With n-p Junctions the sign of displacement corresponds to the reverse

diretaio f " ulent with a-type conductivity is positive).

With n-p-n junctions, to one of the junctions moves voltage in the barrier

reverse direction, to the other - small voltage in a straight direction.

Sensitivity of all three types of photodiodes depends on the place the radiant

flux hits the surface of germanium.
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The biggest effectiveness is attained when radiant flux hits within limits of

several tenths of a millimeter from t..e junction. Germanium photodiodes have mall

dimensions. Thus, for the considered French photodiode, for which length of plane

junction constitutes 2.6 mm the "effective area" will be equal to 1.05 nm 2 .

Dark current at room temperature (+200C) for germanium photodiodes in photo-

diode conditions constitutes & magnitude within limits of 3-10 microampere, being

increased with a 1 0 C increase of temperature by 2-3% for point contact photodiodes

and by 10% for plane.

Spectral sensitivity of germanium photodiode spreads up to 1.8-2 m at

maximum near 1.5 M (Fig. V.16).

Such distribution of sensitivity

will agree well with works of Shive (17]

and Moss (18], measuring quantum yield

of a germanium photodiode with a n-p

S•junction.

In distinction from old rectifying
Fig. V.16. Spectral sensitivity
of a germanium photodiode. rcceiv-.s, germanium photodiodes possess
KEY: (a) Absolute sensitivity,
amp/w; (b) Wave length, '. very insignificant time lag. In Fig.

V.17 is given the frequency-response

curve of the French photodiode, from which it is clear that up to 104 cps the

photodiode is virtually without time lag, and only at a frequency of 75 kilocycles

the value of sensitivity decreases to half, as compared to conditions of constant

irradiation.

Volt-ampere characteristics of germanium photodiodes depend on their type.

Thus, for a point-contact photodiode rectilinearity of volt-ampere characteristics,

with an increase in intensity of irradiation, is disturbed. In distinction from

point-contact plane photodiodes have volt-ampere char Acteriatics with good linearity

at small magnitude of saturation voltage (1.5-4.5 c), and their parallelism is de-

termined by proportionality of current and magnitude of radiant flux.i i i iiii i121



1 Shive [1?) present& Lhe fo]lowing

SIbasic parameters of germanium photo-

diodes (Table V.'4).

_ - Ona the basis of new semiconductor

i -j compounds boundaries of sensitivity of

contemporary photodiodea were expanded.

- - - At present photodiodes are developed on

"a base of InSb and InAs. In Fig. V.18
Fig. V.17. Prequency-response
curve of a germanium photodiode. are given spectral characteristics of
KEY: (a) Weakening of signal in
relative units; (b) Weakening, sensitivity of these photodiodes, Pos-
db; (c) Frequency of modulation
of radiant flux, cpe. sessing high sensitivity in a wider

wavelength range with small time lag,

these photodiodes, however, require for their work cooling to a temperature of

75-77 K.

Table V.14. Magnitude of Basic Parameters of Germanium
Photodiodes

I Temperature
Type Current Coefficient Resistance, Stnsitivity,

of Dark ohm amp/lu
Current., %

Point-
contact 1-2 ma 2-3 20,000 0.1

n-p 1-10 jAs 10 107 0.03

n-p-n 20-40 A a 10 105 3-10

In the press there have been pibihshed certzin paramete-r of a photodiode

from indium antimonide (calculated and experimental), on the basis of which Table

V.15 is composed. In the table values of the threshold of sensitivity of a photo-

diode are given for radiation with wave Iengt.h 4 •
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b I~ II .

Fig. V.l8. Spectral Fig. v.18b. Spectral sensitivity
sensitivity of a photo- c photodiode from TnAs.

diode from InSb. KrY: (a) Photoeffect, %; (b)
KEf: (a) Photo-emsa on Wave length, ps
(p-n) junction, I; (b)
Wave length,

Table V.15. Parameters of a Photodiode fvom Antimonous
tIdium (91

Temperature of Area of Time Threshold

ma~xinun Photosensitive Photo- Constant, of Sensi-
Layer,, OKsensitive Microsecond tiy

Layer, m2 t -

4 77 o.o0 2 1.1.10-

4 77 0.01 2 1.11i"0-9

NOTE. Computed values of sensitivities are marked by sign *.

6. rteceivers with Lateral Photoeffect

As was noted in Section 5, during illumination of a semiconductor junction of

germanium photodiode n-p between two sides of this junction there appears photo-

electromotive force. Further research of photoelectric effect in germanium

photodiodes brought to detection the so-called lateral photoeffect during nonuniform

!!!-_ination of tho site o' 'he receiver [20, 21D.

FEsence of lateral photoeffect consists in the appearance of addit.ional photo-

electromotive force, parallel to the junction, and -in the addition of it to the

photo-electromotive force appearing between the two sides of the junction if the
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radiant flux gets on the sensitive site not saymetricaily to the axis of the photo-

cell. The diagram of such interac ion is shown in Fig. V.19. If one irradiates

a germanium photodiode by a light spot

MV,7 (in dimensions smaller than the dimensions

of the sensitive surface) symmetrically

S• ck., (a) Ito its axis, then voltmeter V, wi.i show

the presence of voltage between p-n
Fig. V.19. Diagram of the
formation of lateral junction of the photodiode. If one were
(longitudinal) photoeffect
for a photodiode. to now displace the light spot to any
KEY: (a) Light; (b) Type. side relative to a central point (axis

of the receiver). Then voltmeter V2 connected to any two points lying on the

surface of the germanium layer will show voltage between these points. The lowest

potential is at point of incidence of light and is increased when moved from center

to edges of receiver.

For use of only lateral photoeffect a receiver (germanium plate with fused

drop of indium) is supplied with two base contacts for removal of lateral photo-

electromotive force, which are located symuetrically relative to the center of the

sensitive surface. Necessity in contact with indiimn drop falls off since longitudinal

photo-electromotive force in this case is not measured, and inditum, so to speak,

can be left electrically floating.

W'lith such construction of a photodiode the sign of lateral photo-electromotive

force will change from positive to negative value depending upon position of light

spot on the surface with respect to axis of syametry of phoLocell. Consequently,

point source of light, image of which is projected through objective on the receiver,

Will create a signal which will change depending upon the angle between direction

to source of light and axis of symhetry of the "receiver - objective" system, i.e.,

the receiver can measure direction to source of light by null method, possessing

high accuracy. During change of direction to source of light, polarity of signal.

changes also.
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(a) Ogujoi' x1Mg-axm-6, In literature is described the

b. -followinqS construction of a photocell

p-iw, (c) with lateral photoeffect CPig. V.20a).

fe kc )vA gerinani~m plate 0.0127 ca thick

S =::3(0.005 inon) and 0.635 ca- (0.25 square
inch) in area had specific resistance

Fig. V.20a. Construction of a 1-2 ohm/cm. An indium drop 0.114 cm in
photodiode with lateral photo-
effect. diameter (0.045 inch) was fused to
KEY: (a) Base contacts; (b)
inches; (c) Type. germanium 0.005 cm deep (0.002 inch) and

had 0.001 ohm/cm specific resistance of

junction. Tw3 base contacts were disposed

symmetrically.

If a ray of light drops in the center of the sensitive surface above the indium

poLnt, then on the contacts are established two equal in magnitude voltages so

that the voltage between the base contacts will be equal to zero (Fig. V.20b).

If light point shifts from center, then total output voltage may be calculated

by the formula _-L L(-- X) + , I( 21 XI)
q 21 q 21

=2 _I(I-x,),
where P is resistance,

q is area of sensitive element,

21 is distance between base contacts,

.X is cutrrent coordinate of light spot.

W•en light point is in position A, total base voltage, which is the difference

in voltage between light point and left and right ends of receiver, will attain

its maximum value (for the shown receiver Usux - 1.5 millivolt). When light point

moves in the direction of position C, output voltage will start to decrease, will

pass through zero, and polarity will change, attaining maximum value at point C.

*Russian subscript "Bblx" indicates "output".-Ed.
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I
SResultant curve of change of output

voltage in the operating sections will be

"-t IA -'rectilinear. On boundaries of the

operating section of the receiver, in

f!t' direct proximity to base contacts, the

ZO ,04 - D ucurve has a sharp drop due to loss of

S- X isensitivity on boundaries of fusing of

M f the indiumi drop.

With the help of such a receiver

Fig. V.20b. Dependency of photo- can be obtained two coordinates, if one
electromotive force an position
of light spot on sensitive surface, were to introduce a second pair of base
KEY: (a) Output signal, millivolt;
(b) In milli-inches. contacts, perpendicularly to the first.

In such an element deflection of a light

ray from the center will be determined by a pair of intercontact voltage, whose

amplitude and sign simply determine the position of the light spot on the surface

and, consequently, the direction to source of radiant flux.

Consequently, with the help of the

shown receivers it is possible to de-

termrine direction to source of radiation,

i.e., actually to carry out direction

finding of radiation sources. Actually,

I I if radiant flux is focus'!d by the opticalII

system in the central pert of the re-

Fig. V.20. Diagram of ceiver (Fig. V.20c), then on its output
determiinat•ton of direction
to source of radiation, voltage will be equal to zero. If, however,i

luminous flux is focused to the right or

to the left of the axis of sysmmetry of the photocell, then on its output will appear

voltage. Magnitude and sign of voltage allows us to judge the distance of the spot

to the right or to the left of the axis of symmetry. Turning the device to the
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corresp--nding side until output voltage disappears, one can determine direction to

source of radiati-n.

In literatuj i it is indicated that the accuracy of determining direction to

source of radiation by this null method attains 0.1 angular second,since error of

combination of the light spot with the axis of symmetry of the receiver does not
S

exceed 100 A. If, however, we use a receiver with two pairs of base contacts,

then it is possible to determine direction to source of radiation with such

accuracy imiediately in two coordinates - in azimuth and in elevation.

Deficiency of such a method of determining direction to target is its large

time lag since it is necessary to turn the receiver until output voltage disappears.

Therefore, this method does net allow direction finding of briefly effective

sources of radiation, for instance the Ilash from a shot of a cannon. Du-ation of

a flash constitutes a period of the order of several milliseconds and, naturally,

to turn a receiver for such an interval of time is impossible.

dc
However, lateral photoeffect allows

the imitation of a turn of receiver by

displacement of axis of the character-

istic (Fig. V.20d) or, as we say, applL-

cation of the elecLron shift.

Such a shift of characteristic is

Fig. V.20d. Imitation of the possible to carry out, passing to base
turn of a device by displacement
of the axis of the characteristic, electrodes bias voltage of corresponding

sign.

Influence of bias voltage applied between base contacts from external batteries

may be determined from relationship

UG -=2 -L I (I+cts - x,).
q R. q- (v.7)

¢- .+- u 2f(.
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JU

where U6 is voltage of bias battery,

R6 is internal resistance of battery,

Rv is resistance of receiver.

apressiorn (V.7) gives dependency of the change of characteristic along the

Saxis of abscissas depending upon the change of voltage of battery th.

i'he curve is displaced to one side during displacement current of one sign

and to the other - during displacement current of the other sign, which is clear

from Fig. V.20e.

4 -4 Besides mechanical modulation of

V radiant flux, with the given receiver

41 ----- it is possible to carry out electron

modulation of output signal by appli-.

U b i cation of alternating bias voltage to

Sx,41,the junction contact by the diagram in

Fig. V.21.

Changing the magnitude of forward

current through the junction between

Fig. V.20e. Change of the drop of indium and the two base

characteristic during
change of bias voltage, contacts, it is possible to decrease

KE,: (a) Output signal,
millivolt; (b) In milli- sensitivity of receiver approximately

inches.
to 10% its initial magnitude, which is

equivalent to the modulation of the signal. This decrease of sensitivity is

explained by potential drop in the base region due to forward current which

junction of current carrier from drop of indium to gennanium due to the action of j

radiant flux. In other words, with an increase of -^"rrent through junction the

slope of characteristics decreases.

An electron interrupter (EP) may be made in the form of an electron key (type

of multivibrator), alternately connecting and disconnecting plus of the battery

from the drop of indium.
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It is necessary to note that during the given method of modulating radiant

flux, simultaneously interrupted also are leakage currents and fluctuating noises

of the semiconductor and consequently, they cannot be separated during subsequent

amplification.

Linearity of the operating section of receiver response is sustained with

precision + l4, and the steepness of it depends on the distance between base

contacts. The less the distance between base contacts, the bigger the slope of

the characteristic.

During optimum selection of spot

. idiameter we manage to obtain a 45%

-- -steepness of characteristic per 0.0254 mm

huJ*ul9u - receiver with characteristic having a

A0 I I O.O254 nu (change of magnitude of voltage

/ I Ifrom maximtm value to 43% during displace-

ment of light spot 0.025 mm from center),
Fig. V.21. Electronic modulation.
KEY: (a) Output signal, millivolt; showed the possibility of registering
(b) In milli-inches; (c) Electron
interrupter. voltage of 10 microvolt during change of

position of spot along the operating
o

surface of the receiver on 100 A. In case of application of an objective with

focal length 25.4 nm (1 inch) angular accuracy is equal to 0.1 angular second

(accuracy, which may be ensured by eye, constitutes 0.5-1 angular minute, but for

good optical range finders 10-15 angular seconds [22]).

The device made it possible to reveal a source of monochromatic radiation with
o

S 6000 A, power $ = 10 w at ambient temperature T = 3000 K from distance L - 1000 m.

Magnitude of current of noises during an amplifier passband of A/ =- 1 cps at room

i i i i i i i n l1B i



temperature constituted a magnitude of the order of 10-11 amp, and the signal-to-

noise ratio during the experiment was 20 db. In the device was used an objective

with aperture Ao 10 cm2 and tranamicsivity vo - 0.8.

Receiver with interbase resistance

- R 100 ohm had a reflectivity from the

sensitive surface of 0.37.

Under these conditions sensitivity

of device may be estimated to be a

magnitude of the order of 200 micro-
Fig. V.22. General form of receiver
with lateral photoeffect and device ampere/lu.
for determining direction to source
of radiation. At present a report has appeared

about the manufacture, on the basis of

a receiver with lateral photoeffe-t, of instruments for determining direction to

source of radiation, appraisal of position of missiles, their stabilization and,

as an exact optical indicator of precession of gyroscopes and accelerometers [23).

General form of one such instrument is shown in Fig. V.22. The instrument

has the following characteristics:

maximum output voltage, developed by receiver during load is 20,000 ohm,

42 vinch-w;

linear sensitivity 0.32 v
inch .w

angular sensitivity 16 v with focal length of objective 254 M (10inch-w

inches);

minimum energy content causing signal 1 v, 0.015 w (with a source with Ta

= 2600*K);-

time constant 5 microseconds;

internal resistance 3000 ohm.
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7. Receivers witth Photomagnetic Effect

In 1934 Noskov and Kikoin revealed that if the plate of a semiconductor is

placed in magnetic field B (Fig. V.23) and irradiated by radiant flux perpendicular

to the direction of the force lines of the field, then in the plate will appear

potential difference directed perpendicular to the field and radiant flux.

Later this phenomenon, called photomagnetic effect, was investigated in detail

[24, 25, 26] in germanium, silicon, lead sulfide, indium antimonide, indium a-senide,

and magnesium stanide. The most reassuring results were obtained recently on

sufficiently pure samples of indium antimonide.

If one were to irradiate one of the

surfaces of a rectangular sample of the

above-indicated compounds, in their surface

layer would be formed "electron - hole"
Fig. V.23. Diagram of
photomagnetic effect. pairs, which then would start to spread

inside the sample and, under the action

of the transverse magnetic field, to deviate in opposite directions. As a result

of this, on the sample will be formed potential difference perpendicular to the

magnetic field and direction of the radiant flux. Vo'tage between two linear

electrons located on the sample d cm from each other, can be calculated by the

formula

U==--IdBs. 11Y v, (V.8)

where s is speed of surfaze recombination of current carrier, em/see;

I is intensity of radiant flux;
quantu4

B is magnmtic field strength, oersted. sec.cm'-

(In the case of germanium with s = 10,000 cm/sec at d = 0.1 cm, B = 10,000 oersted,

and intensity I = 1 quan U = 0.1 v).
seciI *



lesearch of indium antimonide as an indicator of infrared rays has shown that

photomagnetic electromotive force exceeds the magnitude of the signal due to

photoconductivity. The relation of these signals, in the case of indium antimonide

possessing proper conductivity in accordance with the theory offered by Mohs,may

be determined from relationship
• ._0,32 • Bd --•

!i±a,321V (V.9)*

where U is voltage applied to the sample during measurement of photoconductivity;

I& is mobility of charge carriers, cm 2/vsec;

v is lifetime of carrier, sec.

Short. circuit current ik3 during change of magnetic field strength changes

according to the law
kB

1K3 Cal (V.10)

which fully agrees with experimental data (Fig. V.24); however, photomagnetic

electromotive force with a change of magnetic field strength does not follow this

law since resistance of the sample increases with an increase of magnetic field,

As the research of D. N. Nasledov and Yu. S. 3metannikovaya [27] has shown, the

dependency of photomagnetic electromotive force in a single crystal of n-type InSb

with a concentration of donors 2 .1013-2.103 4 cm from magnetic fielc strength in the

range of 300-20,000 oersted is almost linear.

In literature there is presented rno data about spectral sensitivity of the

indicator, although it is noted [6] that results of spectral measurements of photo-

magnetic effect in pure sample of TnSb, InAs and Mg2 Sn allow us to consider them

useful for receiving radiation in the comparatively distant infrared region of the
spectrum. Furthrmore,_a rough -ati o•• spectral sensitivity of the photo-

magnetic effect in indium antimonide is reported [24]. The reaction was measured

of indium antimonide 'to the radiation of an ideal black body heated to 300*C, with

*I•ussian subscript s4M " indicates "photomagnetic"; "On , indicates "photo-

conductivity".--Ed.
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a quartz plate 3 zm thick as a filter and without it. During location of the

quartz plate before the tested sam pie pho.tomagnetic electromotive force decreased

5 times. This allowed the authors to consider that photomagnetic effect in indium

antimonide is caused basically by radiAtion with a wave length hipher than 4 u

In literature (28) a photomagnetic

I receiver is described on the basis of a

single crystal of InSb, working at room

temperature and possessing spectral

sensitivity to 7.5 m • Its threshold of

l sensitivity to radiation with a wave
( M AM. d W length of 6.6 A is equal to 6.7"10- 1 0 w

Fig. V.24. Change of short-
circuit with change of with dimension of receiving site 0.71 nrn
magnetic field in InSb.
"L Y: (a) Current in arbitrary and passband of amplifier Af l . cps.
units; (b) Magnetic field,
B X 1O3 oersted. In the same place it is indicated that

the time constant of the receiver, measured

on drop of signal "e" times, is less than

1 microsecond.

Table V.16. Calculating and Experimental Characteristics of InSb
Receiver with Photoumagnetic Effect £9)

Threshold -
Characteristics Material Current of Area of Sensitivity u sec

maxlm~m~'wcm
axu Detector cm2  w/cm2

Calculating InSb 4 300 0.3 1•10-9 1

Fxperimental InSb 4 300 O.16 2.5•10-8

The considered method of detection of infrared radiation profitably differs

from application of photoresistors by i.s insignificant noises, limiting the threshold

of sensitivity. Therefore, the application of phctomagnetic effect in InSb requires

the use of amplifiers with very little set noise. Otherwise gain from application
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of highly sei:Ative method of registering infrared radiation in a wide range of the

spectrum may be significantly lowered due to impaimrent of threshold sensitivity

of all the system on the whole.

8. Coolinf of Photosensitive Layers

As already was noted, the majority of receivers of radiation require cooling.

Cooling of photosensitive layers allows increase of their integral sensitivity,

expansion of spectral range of sensitivity in the direction of longer waves, and

decrease of internal noises, limiting the threshold of sensitivity of infrared

instruments.

Cooling of a photosensitive element may be attained when it is placed in a

Dewar vessel, filled with corresponding refrigerant, ensuring temperature of

cooling, shown in Table V.17.

Table V.17. Obtaining of Low Temperatures

Obtainable Temperature
Refrigerant and its State

Melting of ice 273.16 0

Volatilization of solid carbon

dioxide 194.7 -78.46

Boiling of liquid air 88-85 -185 to -183

Boiling of liquid oxygen 90.2 -183

Boiling of liquid nitrogen 77.4 -195.8

9oiling of liquid neon 23 -250.16

Boiling of liquid hydrogen 20.5 -252.66

Boiling of liquid helium 4.22 -268.94

The methods shown in the table have found wide application in laboratory

conditions and can be used for cooling of laboratory samples of receivers, since

here, in the end, only economic ccnsiderations and required consumption of cooler



play a role. Such cooling is attained by locating photosensitive element in a

cryostat.

As an example in Fig. V.25 is given a diagram of cooling of a highly sensitive

germanium photoresibtor, alloyed by zinc (536-IZIP, Perkin-Elmer). Cooling of

photoresistor is carried out by liquid helium, filling the internal volume of the

cryostat. Around the internal vessel is placed a second external vessel, filled

by liquid nitrogen for the purpose of slowing the evaporation of the liquid helium.

The actual photoresistor is placed in vacuum on the internal wall of the first

vessel. E~xternal wall of bottom if vessel (window) is prepared from KRS-5.

The photoresistor is cooled to temperature 4"K and has the following parameters:

dimensions of cryostat - length 45 cm, diameter 15 cm;

dimensioni of photosensitive layer - from 2 X 2 mm to 20 X 20 mm;

ýpectral sensitivity - 2-40 4 ;

time lag- 0.01 microsecond.

Indicator is released in series by

the firm Perkin-Elmer and is designed for

the detection of comparatively low-

- ." -temperature radiation [12].

In the case of development of cooling

-- systems of photosensitive layers for

J ,frared instruments with a military

(b) (a) assignment, besides the economic factor,
Fig. V.25. Cryostat for
cooling photoresistor, of paramount value is reliability of
KEY: (a) Window; (b)
Photoresistor. operation, weight, dimensions, time of

preservation of refrigerant, and the

possibility of application in any plare

and in any time.
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I
In order to Judge those difficulties which must be faced when developing such

systers, we will consider the peculiarities of their work:

a) system of cooling can be established in the infrared homing device of

rockets, on satellites, piggyback plane equipment, in carried instruments, etc.

Consequently, they have to be small-size and have small weight with insignificant

consumption of external energy;

b) time of action of cooler can change from several minutes to several days

w.thout milking;

c) systems of cooling should unfailingly work at any height, at any temperature

and in any position which they may take in space together with the object;

d) systems of cooling should ensure madijnum reliability and especially pres-

ervation of gas in pure state, and also mechanical durability of material working

under very low temperatures.

Considering all the above-stated, it is considered [29] that among the many

technical problems facing the industry releasing instrunents of infrared technology

for military and civil assignment, one of the first in the list of the most diffi-

cult is the problem of cooling infrared indicators.

For cooling photosensitive layers in infrared instruments four basic types of

systems can find application:

cryostat systems;

systems operating by adiabatic expansion of the operating substance;

systems of direct cooling by liquified gas (heat exchangers), and

thermoelectric systems.

A common condition for the first th-rce systerms is the necessity of using

closed systems to guarantee the greatest cleanness of refrigerant and prolonged

work without milking. Furthermore, in space conditions open systems are unfit in

principle.

A simplified block-diagram of a refrigerating installation, working on a

closed cycle, is shown in Fig. V.26.
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From reserve bottle 1, where there is saved a reserve of liquid coolant or

gas, the refrigerant proceeds through measuring hopper 2 into compressor 3 and from

there under pressure - along coil 4 to nozzle 5, located in direct proximity to

cooled photosensitive layer 7. The photosensitive layer is placed in the vacuum

of closed insulated cryostat 6. Liquid coolant is evaporated and is expanded in

the nozzle, cooling internal volume of cryostat. Then cooling gas by tube 8 enters

compressor, where again it is compressed, and then under pressuie enters nozzle,

where, repeatedly being expanded, it cools the internal volume of the cryostat.

Thus, from cycle to cycle there occurs gradually a cooling of photosensitive layer.

At the needed moment the measuring hopper can supply the installation with an

additional portion of liquified &as. For the purpose of increase efficiency of

installation, gas under pressure is transported along coil, reeled on tube 8,

which allows its preliminary cooling.

4 1Sometimes coil is reeled on tube

proceeding from reserve bottle to measuring

hopper and having temperature of liquified

gas.

Fig. V.26. Block-diagram Cryostats in construction and prin-
of a refrigerating instal-
lation working on closed ciple cf action can be broken down into
cycle.

three groups.

a) cryostats in which cooling in attained by application of compressed gas;

b) cryostats in which cooling of photosensitive layer is attained by washing

its sublayer with liquified gas, with gradual augmentation of liquid coolant as it

is expended;

c) cryostats with application of compressor in a closed system.

The operating principle of the first group of cryostat systems (Fig. V.27)

can be comprehended by the diagram of a cooler working on the principle of expansion

of preliminarily compressed gas (nitrogen or heliam).



I Compressed gae under pressure of 180 atm proceeds from reservoir A through

capillary and filter B and solenoid valve C to dilator D, where it is expanded

and liquified. Supply of gas is regulated with the help of a transducer, for

S which resistance is changed with decrease in level of liquid coolant affecting

solenoid valve (measuring hopper).

By analogous diagram is carried out a cooler of the firm of Linde, shown in

SFig. V.28.

In this system as a work substance

-mn# ?Pxa Ae ou•U) compressed helium is used, which enters

cooled cavity (cylinder 0.8 cm in

v# (b) diameter and length 5 cm) under pressure

A c F2effMV'# of 20 atm. Being expanded in cryostat

"near photosensitive layer, helium allows
S;,pot,,a,,,(d)

irus to obtain temperature to -210 to -2130C.! Fig. V.27. Diagram of cooler

working on the principle of Weight of device is 220 g. Its appli-
adiabatic expansion of gas.
KEY: (a) Control circuit- cation, as is shown in literature, will
(b) Transducer level; (cc
Detector; (d) Cryostat. allow decrease in weight of aircraft

infrared equipment to 4 kilogram.

A characteristic peculiarity of the given construction is the fact that in it

is applied only one mobile part - a plastic piston in the cryostat.

Cryostats with direct transfer of liquid coolant (Fig. V.29) consist of a

special vessel for storage of liquified gas under pressure, a capillary, on the end

of which is a cooled indicator of infrared radiation, and a preheater. Heating of

liquid (nitrogen) with the help of a spiral causes expansion of liquid and rise by

capillary to cooled indicator.

It is indicated that such systems are the most promising for aircraft equipment.

In filled state, the weight of the system constitutes nearly 4 kg, and it ensures

continucus cooling of eight indicators to a temperature of -195*C for 6 hours.
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m5

Fig. V.28. General form Fig. V.29. Diagram of a cooler
of cooler with adiabatic with direct transfer of liquid.
expansion of gas. I-reservoir with nitrogen; 2--

heater; 3-bottle; 4--detector;
5-to atmosphere; 6-manual switch;
7-differential value; 8-pnemtatic
switch; 9-pipeline.

The advantage of such a system, as compared to a system founded on adiabatic

expansion of compressed gas, is the absence of a necessity to have instrunents

for idjustment of temperature changes in cooled cavities, since evaporation of

liquid occurs at a fully definite temperature, and also the absence of any moving

parts at low temperatures. Furthermore, in this case these systems ensure a high

degree of cleanness of cooler, since all soiling impurities are frozen out.

However, systems with direct transfer of liquid are absolutely unfit for work

in space conditions of high rarefaction of air. As a deficiency, one should note

(this pertains also to systems with adiabatic expansion of gas) their low economy

and great consumption of cooling substance.

A variety of cryostat systems of the second group are Dewar vessels for

cooling lead sulfide of photoresistors with the help of solid carbon dioxide or

freon (Fip. V.30).
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Inside a Dewar vessel is placed a

briquette of solid carbon dioxide, which,

as a result of volatilization cools the

(e) photoresistor, being in contact with the

3briquette through the glass bottom of the

(c) a W' (d)nu• vessel, to a temperature of -78eC. In

Fig. V.30. Construction of order to ensure constant contact of
cryostat for cooling PbS by
solid carbon dioxide. briquette and photoresistor, briquette
KEY: (a) Dewar vessel; (b)
Body; (c) Cotton; (d) Spring; is held to bottom of vessel by special
(e) Photoresistor.

spring, secured on cover of cryostat.

In connection with noted deficiencies of open cooling systems, at present a

basic trend in the creation of cooling systems is the development of cooling

methods with the help of closed cryostat systems with liquid nitrogen or helium.

Cooling of photosensitive layer is carried out either by expanded gas or by spraying

mt.. hod - condensation of gas on a cooled surface.

In the first case liquid is provided in an insulated bottle under low pressure

and proceeds through capillary to photoresistor, where, being evaporated, it cools

it. F-xhaust gas is repeatedly compressed with the help of a compressor and proceeds

on a closed curve again to cryostat.

In the second case, near sublayer of cooled photosensitive layer are created

conditions corresponding to "dew point" for a given gas. The gas, being condensed

on sublayer of indicatcr, cools it, but then later on its evaporation again is

compressed by compressor and enters cooled cavity. As gas is expended, its aug-

mentation occurs from reserve bottle [30].

In Fig. V.31 is shown a syster, of the firm of Linde, for which photosensitive

layer is mounted directly on sprinkler. In this system liquid washes back side of

photosensitive layer both during work and during non-working time. Consequently,

photosensitive layer is always cold and, being in vacuum, is always ready for

work. It is indicated that the installation weighs to 3.4 kg and can ensure cooling



to 8 photosensitive layers during 6 hours after 24 hours of preparation.

Considered systems of cooling require for their work a reserve of cooling

substance. This is not always conveniont and can lead to the fact that at a needed

moment a reserve of liquid coolant will not be at hand. Furtherrmore, the presence

of a bottle with liquid coolant, although of limited volume, and a compressor

installation makes these systems comparatively bulky.

The.refore, efforts of industry now are already directed toward creation of

new, in principle, methods of cooling photosensitive layers.

One such way, if deep cooling is not required, is the use of thermoelectric

generators. As early as 1834 the French scientist Peltier revealed that if one

were to pass current through a thermojunction in a direction reverse to thermo-

electric current, appearing during heating of the thermoJunction, then the latter

will lower its temperature (Peltier effect). Thus, passing current from antimony

to bismuth, Peltier cooled a junction 450C with respect to ambient temperature.

Fig. V.32. Thermoelectric
refrigerator of Westinghouse.

Fig. V.31. Installation of The Peltier effect quite noticeably
Linde with sprinkler in
contact with photosensitive appears on the junction of two semi-
layer. conductors. Therefore. only recently;

after much achievement in the region of semiconductor physics, has it become

possible to apply, in practice, the Sang effect.

At present, an izitense search is in progress of materials posse' sing low

thermal conductivity, high electrical conductivity, and thermo-emf.



"Simultaneously, construction of thermoelectric refrigerators is being de-

velcped for cooling lead sulfide photoresistors (Fig. V.32).

Thermoelectric refrigerators are ultimately reliable in work, do not have

mobile parts, possess little weight, and can be constructed with photoseneitive

layer. Their consiuned power is very small 2-2.5 w. Thus, the thermorefrigerator

shown in Fig. V.32 consumes 20 amp current at a voltage of 0.1 v, ensuring

temperature drop of 50 0 C at ambient temperature +250C.

Increase of temperature drop by approximately 50% may be attained by appli-

cation of" two-stage cooling. As reported in the press, at present two-stage

thernoelectr- refrigerators have been developed, allowing a drop up to 79*C.

It it indicated that thermoelectric refrigerators have three peculiarities

as compared to other systems, namely:

operation of refrigerators is not subject to the influence of vacuum and the

surrounding situation;

efficiency of refrigerators is improved with growth of tempera'ure of ambient

air;

energy for work of refrigerators may be taken from any outside source.
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CHA A E R Vl

IMAGE CONVERTERS

Under image converter we understand an electrovacuum device which allows

conversion of an optical image of one spectral composition to another by means of

constructing an intermediate electron image. The aim of such a conversion can be

either the transfer of an inage frm one spectral region to another or the amplifi-

cation of image brightness, both simultaneously. The most widely used image

converters at present are electron-optical (MOP).

1. Converters with External Phoboeffect

Historically, the first image converters (1934) were the simplest two-electrode

converters of the "Hoist Cup" type (Fig. VI.1).

"?wo-electrode converters are made in the form of a flat capacitor placed in a

glass shell, it. which vacuwin is created of an order of 1O-4-_O-5 nm Hg so that

photoelectrons can move without collison with molecules of air. On the front wall

of the shell from the internal side is applied a very thin transparent layer of

silver which is one of the two electrodes of the converter. On it, as on the

sublayer, is depcsited by evaporation in vacuumi a semitransparent photosensitive

layer (cesium oxide or cesium antimonide).

On opposite wall of shell also on silver transparent sublayer is deposited

a layer of ituninophor (willemite or zinc sulfide). Between the cathode and the
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screen is applied high tension (to i2,000 v), creating inside the converter a

riane-parallel electrostatic field with intensity

E=--U (vI.1)d'

wherr• d is distance between photocathode and screen, cm.

Infrared rays reflected from the observed object are projected with the help

of the objective or. the photocathode, creating on it an inverted and decreased

image, not visible to the eye, with a distribution of "bright" -and "dark" places

on the photocathode, corresponding to the distribution of radiation intensities

of separate sections of the nbserved object. In "brighter" places of the image

electrons w.ll burst from the photocathoace in a larger quantity thar from the

"darker" places. Pulled from the photocathode, the electrons (photoelectrons),

getting into a plane-parallel electrostatic field, will move with uniform acceleration

,o the screen.

Density of photoelectron current

f appearing in the converter from different

sections of the photocathode will be

proportional to the intensity of their

Fig. VI.I. Diagram of the irradiation. Due to this the electron
simplest converter.

image will correspond to the optical image

on the photocathode. Photoelectrons of the electron image, obtaining, during their

motion toward the screen, kinetic energy eU ev, bombard the screen and cause its

glow. Intensity of glow of separate points of the screen is proportional to the

power of the photoelectron current. This allows us to observe on the screen of the

converter a one-color image of the object observed in the infrared rays with a

d•str-bu'Lon of brightness tones corresponding to the distribution of radiation

intensities (proper and reflected) of separate points of the object.

Quality cf the image of the object observed in a two-electrode converter of

this type remains low due to imperfection of the electron-optical system of the
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"flat capacitor" type. During plane-parallel transfer, electrons, based on the

CaUs of their various initial velocities vo , move in the field not in parallel

with each other, but along parabolas with a summit at the point of emission. This

dons not. allow them to gather on screen at a point, conjugate with a corresprnding

point on the photocathode. Therefore, any point on the cathode will be depicted

on the screen in the form of a circle of confusion, which determines resolving

power of the electron-optical converter.

Possibilities of increasing resolving power of a two-electrode electron-optical

converter are limited by the following factors:

1. During a field strength for a photocathode of the order of 10 kv/cm, field

emission starts from the photocathode, sharply lowering contrast of image.

2. A decrease of distance between the photocathode and the screen leads to

an increase of reverse gating of the photocathode by radiation of the screen,

leading to a decrease of resolving power of the conve ter and imposition on the

image of a general parasitic background.

3. Increase of operating voltage or decrease of distance between electrodes

is limited also by the onset of disruption between them and as a result of this -

breakdown of the instrument.

.. With small distance between screen and photocathode technological diffi-

culties appear in obtaining a photocathode uniform in area duiing its sensitization

by vapors of cesium.

These limitations do not allow us to obtain converters wth high resolving

power. Thus, in the best samples of two-electrode converters there can be obtained

a circle of confusion in diameter D = 0.1 w... i e., in! thi ÷• ase r•i•oving power

constitutes a magnitude of the order of 10 lines/rm.

To improve image quality in the simplest converters combined electrostati :

and magnetic focusing of photoelectrons was offered (Fig. VI.2).
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The photocathode and screen in such a converter are separated by a large

distance (sometimes up to 7 cm), and the accelerating voltage is !ow-red to 500 c.

Focusing of electrons is carried out by long magnetic lens.

There can be practically obtained, with such a method of focusing electrons,

resolving power of converters 20-30 lines/mm (i ith distance between electrodes

d- 7 cm, U= 500 0).

In spite of their simplicity, two-electrode converters during the Second

World Wlar were replaced by mors advanced multi-electrode converters, includLng

electorstatic clectron optics. Three- or multi-electrode converters, in spite of

the fact that their manufacture is more complicated than the two-electrode type,

have a number of advantages over the latter, which promoted their wide application,

especially in instruments of military infrared technology.

No Such advantages are:

1. Improvement of shielding of

p1hotocathode from gating by radiation

.- of screen with the help of diaphragms.

Fig. VI.2. Two-electrode This allows the use of cathodeluminophors
converter wi.th magnetic
focusing. with great brightness of glow and high

accelerating voltages, at which screen

efficiency sharply increases.

2. Application of several electrodes allows gradually increasing intensity

of electrostatic field from photocathode to screen. This makes it possible to

apply very high accelerating volt ages without danger of appearance of field emission

from photosensitive laver,

3. Multi-electrode converters allow us to obtain an image not only Jn a

1 to 1 scale, but also with increase and decrease. The latter has a very important

value for amplification of image brightness, since with decrease of image density

of current grows as well as brightness of glow of screen.
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4. Application of focusing systems increases resolving power of converter as

compared to parallel translation of clectrons.

For the case of electrostatic focusing diameter of the circle of confusion

can be calculated by the formula (VI.2), and during combined - by (VI.3),

D=2d r. v.RMT1 V(VI.2)
D dj ro _!,Dd r, w,

Yr,+I V (v'I.3)

where V, is initial speed of photoelectron,

U is difference of potential between anode and photocathode,

d is distance between electrodes,

r, is electron-optical magnification of converter.

5. 'Jith multi-electrode construction of a converter, between the photocathode

and the basic focusing electrode is placed a number of intermediate electrodes, to

which from the potentiometer moves voltage. Such construction allows a change of

relative distribution of potentials between electrodes and to carry out thereby

electron focusing of image on converter screen.

a- A typical representative of such

converters is the 1-P-25 converter, de-
(a
I '5 veloped during the Second World War in

Mt- the United States (Fig. VI.3).
4IA - 6. Fcr multi-electrode converters

Fig. VI.3. Diagram of
a 1-P-25 converter, in the presence of an aperture diaphragm
KFY: (a) Volt.

(Fig. VI..) there is the possibility of

changing magnifying power. For that. to the diaphragm should pass variable Potential

U3 , changing from U1 to U2. Total magnifying power of such a converter (at

U3  0) is equal to 12:21. However, if one were to pass potential U3 = U2 to the

diaphragm, then magnification will be less, and at U3 = U1 it will be more than

the shown ratio.



7. Transition to multi-electrode converters also improved the quality of

the image due to weakening of distortion with application of a spherical photocathode.

FRadius of the sphere is chosen in such a manner that its center is in the region

of the plane of division of the basic focusing electrodes, The effect of using a

spherical photocathode is shown in Fig. VI.5.

-V - -n_ -f L~ The considered advantages of multi-

a )Rn~Pmi¢'DN, electrode image converters led to the

fact that toward the end of the Second

World I-ar converters with plane-parallel

•0 u electrostatic field were completely re-

Fig. VI.4. Diagram of a
converter allowing change placed.
of electron-optical magni-
fication. Of the multi-electrode converters
KEN: (a) Aperture diaphragm.

in foreign countries the most widely

used were converters of the firm AEG (Germany), the 1-P-25 (United States) and

the firm Muellard (England).

f

Fig. VI.5. Quality of image during application
of flat 1 and convex 2 photocathodes.

AEG released its converters during the Second WIorld War in two versions - with

screen diameters of 50 and 30 mm, (Fig. VI.b). The electron lens of the converter

is formed by a cylindrical glass with a hole in the bottom, to which moves a 5 kv

potential relative to the photocathode, and a frustum of a cone electrically united

with the screen to which moves an 18 kv potential. Converter is 160 Mr. long and

80 nm in diameter. The photocathode is cesium oxide with a "red" boundary of

i o



s-nsitivity ' .3 •

In the co:-,rter is applied alum~nization of the internal surface of the screen

from zinc sulfide-selenide. Covering of the screen by a thin dense film of aluminum

allo;;s us to increase screen efficiency and to weaken gating of photocathode, which

allows improvement of image contrast and also increased clearness of image.

Increase in overall efficiency of

the screen occurs in this case due to

reflection of luminous flux of the screen

in the direction of the observer from the

internal surface of aluminum film, as

Fig. V1.6. A converter of the from a mirror. This leads to significant
firm AEG (Germany).

weakening of luminous flux of screen in

the direction of the photocathode.

Increase of image clearness is attained due to the good electrical conductivity

of aluminum film, ensuring fast runoff of the space charge eroding electron image

near screen.

The ronverter of the firm AEG, when using candle-power optics, allows ampli-

fication of image brightness, having the following basic characteristics:

sensitivity of photocathode is 30-25 microampere/flux;

electron-optical magnification is 0.65;

resolving power in center of field of sight, attributed to screen, is 40

lines/Mn.

Converter 1-P-25, 110 u•m long and 40 mm in diameter (Fig. VI.7) uses multi-

electrode electron lens, on whose electrodes is given voltage of 15, 100, 600, and

4000 v.

The photocathode is cesium oxide with "red" boundary of sensitivity X0 = 1.3 u

the screen is .rillemite, whose spectral composition of radiation well agrees with

spectral sensitivity of the eye. The conversion factor of image brightness lies
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within 0.5-0.4, i.e., the converter cannot be applied as amplifier of brightness

with comparatively high basic parameters.

Fig. VI.7. Converter 1-P-25 (The United States).

Bcsic Parameters of American Con',erters

L& Lue

Designation of Unit of
Parameter Measurement 1-P-25 6914

Length M 115 68

Diameter 4 42 43

Operating Voltage v 4000 16000

Intermediate Focusing oVoltage F i3 None

Magnification X 0.5 o.8

Average field-of-sight

resolving power lines/mm 8 28

Conversion Factor 0.4 30

Sensitivity of Photocathode mka/lu 20-30 30-40

In 1959 in the United States there began to be released a converter of the

type 6914 [13], whose basic parameters, as compared to parameters of converter

I-P-25, are given in the table. As can be seen from the comparison, the given

converter allows, essentially, the increase of image brightness due to the high

conversion factor.

Muellard released a series of image converters of the brand ME (Fig. VI.8).
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$1 lZD Fig. VT.9. Diagram of an

Fig. VI.8. Converters of the ME-1201.
Muellard firm (England).

A characteristic peculiarity of these three-electrode converters is their

ability to use either electrostatic or combined focusing of electron beams, and

also to work with constantly applied accelerating voltage and in pulse conditions.

A diagram of an ME.1201 converter is shown in Fig. VI.9. The converter has

a cesium oxide photocathode and a screen of zinc sulfide covered with aluminum

semitransparent film. Dimensions of the converter: length 235 amm, diameter of

photocathode 30 am, diameter of screen 115 ,M-.

In the converter is carried out variable electron-optical magnification from

1 to 4 at uniform resolving power on a 20 line/nu screen. (at r. = 1) by the

application of combined focusing of electron beams.

2. Basic Characteristics of Electron-Optical Converters

Image converters are applied mainly in instruments of visual or photographic

observation of objects. Effectiveness of their application in each concrete case

may be estimated with the help of the following basic characteristics.

1. Spectral sensitivity of photocathode SO L) determines region of spec+rw,

in which observation is produced. At present in image converters cesium antiionide

or multi-tlkali (for observation in ultraviolet and visible regions of spectrum)

and cesium oxide (for observation in visible and infrared regions of spect -mn)

photocathodes are used.
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2. Integral sensitivity of photocathodes S determines general sensitivity of

instrument of observation. It is characterized by the ratio of photocurrent in a

converter to the radiant flux getting on the photocathode (microampere/Im).

3. Brightness of image in B a. If it is considered that the glow of the

screen will obey the law of Lambert, then the brightness of converter screen may

be determined from relationship

B,,.= 0 o-2 ' , (VI.4)

where Z is luminoub efficiency of screen in external hemisphere, which is a

function of the energy of exciting electrons, cp/w;

&, is irradiance of photocathode, w/cm2 ;

U is accelerating voltage, v;

r, is electron-optical magnification.

Consequently, other things being equal, image brightness on screen is propor-

tional to luminous efficiency of cathodeluminophor and accelerating voltage applied

to converter.

4. Spectral distribution of image brightness b, characterizes the degree of

coordination of radiation of screen with spectral sensitivity of receiver perceiving

the image (eye, photographic emulsion). Knowledge of this parameter of the converter

is necessary, since it can render a strong influence on effectiveness of application

of the instrument on the whole. It can appear that with achievement of e en great

brightness of radiation of screen, but sharply differing from spectral sensitivity

of receiver, efficiency of the instrument on the whole will be very low.

5. Conversioz, factor vi is the ratio of the flux of energy of radiation of

the converter screen to the external hemisphere to the flux of radiant energy

falling on the photocathode:

-= .U. 10-. M(v.5)

As can be seen from expression (VI.5),at sufficiently large voltages luminous

efficiency of screen and sensitivity of photocathode conversion factor can become
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larger than unity. In this is one of the possibilities of amplification of

brightness of image with the help of image converters.

6. Brightness of background of screen is BO.

In the absence of irradiation of photocathode of converter, the screen of the

latter has some brightness caused by the presence of dark current from the photo-

cathode as a result of thermo-emission,

B= u o-*_ (vI.6)

where 1, is density of dark current of convertero

Density of dark current from a cesium oxide photocathode attains values of

10-12_10-11 amp/cm 2, and from a cesium antimonide photocathode attains IO15_10-16

amp/cm2 .

Since on a background with brightness BO is produced observation of image of

an object with brightness B. , then contrast of image is lowered and may be

approximately determined from relationship (Ba>B#)

k= Ba, (VI.?)

Therefore, for the purpose of decreasing brightness of background by lowering

density of thermo-emission current, it is necessary, in a numiber of cases, to cool

photocathode (especially cesium oxide).

7. Electron-optical magnification r. promotes increase in sensitivity of

converter (at G.<1). This is connected with the fact that increase of image brightness

is proportional to decrease of its area. In spite of the fact that such a decreased

image must be considered in an eyepiece with small focal length and great aperture,

which causes additional losses of light, the advantage consists in that it manages

to gather to the eye a larger part of the light radiated by the screen within limits

of the rear hemisphere.

8. Resolving power N of the converter determines that minimum angle, at which

two separate points are distinguished separately.

From formulas (VI.2) and (V-.3) it is clear that with correct selection of

parameters of the converter the resolving power, due to elements of electron optics,
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- !will be .uff4-cintly high for axial bema

of electrons. Practically, however, such

resolving power all over the field of

2
-- sight in not attained because of the

-( I k m v scattering of radiant flux on the granular( b ) P uc c m w i u 0 m igfr r= a .a W N ,~

Fig. VI.lO. Change of structure of the photocathode and luminophor,

resolving power on and also the off-axis aberrations. The
screen of converter.
KEY: (a) Arbitrary
units; (b) Distance from latter causes sharp impairment of resolving
center of screen, m. power of converter in field of sight.

3. Amz1lification of Brightness of Imape

In preceding divisions were considered photoeuission image converters, intended,

basically, for observatirn of objects in reflected infrared rays. Meanwhile, in a

nwuber of cases, image converters are used for observation of objects with small

levels of illuminance, i.e., in conditions of natural night illuminance. In this

case image converters are used as amplifiers of brightness.

With the help of purely optical instruments, in principle, it is possible to

increase brightness of image, as compared to brightness of observed object.

In electron-optical instruments this is possible to do by electron amplification,

i.e., supply of energy to converter from without.

Tt is possible to show (2] that the amplification factor of image brightness on

the screen of the observation instrument, relative to brightness of the object, will

be equal to

4 -r2 4 r ' (Vi.8)

where A= -- is physical candle-power of objective;

S is brightness of object;

B, is brightness of image of object on converter screen.

Consequently, amplification of Image brightness may be attained by a decrease

in scale of image (r.<l), an increase of candle-power of objective A, integral
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sensitivity of photocathode p. accelerating voltage U, and luminous efficiency of

,he screen in the direction of observer E,.

If luminous efficiency of screen is expressed in light engineering units

(lu/w, cp/w), then in the case of using not the eye for registration of radiant

flux from the screen, but some other kind of -eceiver, the brightness of screen may

be calculated from relatinnship

-here
*$* (j)Bj Q)dl

V (k) B.(A)dA (VI .9)

VQ() is relative lUminosity of eye;

S.p~) is spectral sensitivity of receiver;

B,()) is spectral brightness of screen.

Mandell3, 4] calculates increase in brightness of image with the help of a

image converter with a cesiuu antimonide photocathode and a screen from zinc

sulfide, activated by silver. For the case of visual observation increase of image

brightne.s attains magnitude 32, and with coordination of spectr 1 composition of

radiation of arreen with sensitivity of panchromatic photomaterial it is 90.

In technology unilocular converters

have found practical application, for

which amplification of brightness is

attained by coordination of spectral

Fig. VI.11. Diagram of characteristics of radiation and sensitivity

electron-c ptial instrument of photocathode, and also by incro;ase of
for photographing weak stars.

screen brightness with increas,. of accel-

erating voltage 15].

For photographing weak ,tars, in France was developed an electron-optical

attachment. to a telescope, allowing photography by means of the direct influence of

the electron image on photogrh~phic emulsion (Fig. VI.l).
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The attachment consists of diimountable gls T8essel I, from which conatinuosly

ai= is Pmped. Inside thi bottle are placed photocathode 2, systm of eiectrodes

3, and cassette with photograpjic plates 4. With the help of the objective of the

telescope an imge of weak stars is projected on the photocathode. Under the effect

of accelerating voltage of 40,000 v photoelectruns are focused on the mulsion of

the photographic plate, causing its blackening in places corresponding to the position

of weak stars in the field of sight of the telescope. Aplification factor of

density of blackening of emulsion during application of such an attachment is equal

to 100.

From the shown example it is clear that to obtain compaintively sa1 amplifi-

cation factors of brightness i.n unl.locular converters it is necessary te apply

bulky arrangements and to apply series of measures with respect to coordination of

radiation with the receiving part of the tube. Therefore, such converters could find

application only in laboratory conditions.

Fig. VI.12. Diagrams of construction of dual chamber converters
wits onae a-mpliier stage of brightness.

Wider application of brightness amplifiers bejame possible after the developwnt

of methods of consecutive connection of two, three, and more image converters [6].

Diagrams of such a connection of two converters into one instrment, called a cascade

converter, are shown in Fig. VI.12.
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During consecutive connection of two imag. converters (one-stage electron-

optical converter) by means of intermediate optics brightness amplification may be

estimated by formula

where 0, is aperture angle on the part of the first screen.

In work [6] it is indicated that in the case of connection of two AE image

converters with the help of intermediate optics it is possible to obtain an ampli-

fication factor of brightness, equal to 115. During application of optical contact

between screen of first converter with photocathode of second, the amplification

factor of brightness attains values of 1460.

For the purpose of obtaining large amplification factors of image brightness

in such two- and three-chamber converters (one and two stage electron-optical

converters) the entrance photocathode and the output scrcen are made based on re-

quirements presented by the source of radiation and recording instrument, but the

intermediate photocathodes and screens are made from cesium antimonide and the

luminophor of dark blue-asure glow, to which the cesium antimonide photocathode is

most sensitive.

When using a cesium oxide entrance photocathode, there is observed a not. ceable

dark current due to therno-amission. Thi: dark current is strengthened in subsequent

cascades and creates a bright background on the output screen.

Therefore, during application of cascade converters with a cesium oxide entrance

photocathode, it is necessary to cool photocathode to temperature of the order of

-40 to -50 0 C, in order to decrease dark current.

Cascade image converters are considered in literature as one )f the possible

ways of creaI-ng eqizipnent for night vision during natural night illuminance of the

earth's surface. At present. they have found application as the preliminary amplifier

stage of image brightness of night television intelligence instruments, considered

in Chapter VIII.
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4. El ctron-Optical Converters with a Cathode from a Photoresistor

Image converters with a photoemission cathode allow the detection of objects

by intrinsic emission if the temperature of their surface is higher than 250-300*C.

For detection of objects having a temperature lower than 2500C, it is necessary to

apply photoresistance. Therefore, naturally, research has been conducted for the

pu-pose of examining the possibility of creating image converters with a photoresistor

as a cathode. Thi principle of action of such a converters differs from the principle

of action of photoemission converters.

Radiated by preheated cathode 1 (Fig. VI.13) a beam of electrons 2 drops on

surface of photoresistor 3, to which moves small positive (with respect to cathode)

potential. An electron beam creates current through photosensitive layer, causing

lowering of potential on its surface and reflection, due to this, of part of the

electrons 5 in the direction of luminescent screen 6. If one now projects on

photoresistor the image of object 4 observed in infrared rays, then transverse

resistance of separate points of the photosensitive layer will be changed in ac,.ord-

ance with intensity of raaiant flux falling on these points. Change of resistance

will cause change of current through photoresistor and of potential at every point

of its surface, which in turn will change also the quantity of electrons reflected

from corresponding points in the direction of the screen. Since the quantity of

reflected electrons from the photoresistor depends on the intensity of incident

radiant flux, the intensity of radiation of screen will be proportional to radiant

flux. Consequently, there appears the possibility of constructing an image of the

observed object with the help of a photoresistor if one were to focus on the screen

the reflected electron beam.

Photoresistors for such converters, besides high integral sensitivity, are

required to have very high specific resistance in a transverse direction (of the

order of 109 ohm-am), necessary for obtaining sufficient potential difference between

irradiated and unirradiated points and also for preventing "spreading" of charge

along reflecting surface [71.
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Separation of incident and reflected

electron beams can be produced both with

help of magnetic and electrostatic fields

Sa (8, 9].

A converter with magnetic separation

f 7 of incident and reflected beams of

electrons (Pig. VI.14) consists of a
Fig. VI.13. Principle of
action of an image converter cylindrical bottle with four branches
with a photoresistor.

located in one plane. In branch I is

placed electron gun 5. In branch II with plane-parallel window 3, transparent in

the infrared region of the spectrum, are placed photoresistor 4 and two cylindrical

electrodes 9 creating retarding field for incident electrons 7 and accelerating

field for reflected electrons 8. In branch III is placed luminescent screen 6, from

which object is observed.

Internal surface of bottle is covered

by Aquadag 2 (water solution of graphite)

is put a solenoid, creating a uniform

magnetic field, perpendicular to the plane

of motion of electrons. An electron ray

by expanded beam emerges from the electron
Fig. VI.14. Converter with
magnetic separation of electron gun, gets in the magnetic field inside
beams.

the bottle and deviates it in the direction

of the photocathode. Here electrons are retarded in a field of cylindrical anodes

and are reflected from the photoresistor. On the reverse path of electrons cylin-

drical anodes execute the role of the accelerating system, and the magnetic field

deflects electrons in another direction in the direction of the screen (the sign of

vector of velocity of electrons changes).
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Converters with an electrostatic field for separations of incident an( reflected

beams of electrons were developed in Gerumny (Fig. VI.15a) and in the United States

by RCA (Fig. VI.15b).

The converter (Fig. VI.15a) consists of photocathode 1, made from bismuth

selenate, luminescent screen 2, reflective mirror 3, electron gun 4, system of

electrodes 5, and ocular systm 6. Narrow beam of electrons 7 passes through hole

in reflective mirror and luminescent screen. Getting in ths system of electrodes,

the electron beam is expanded, and electrons delay their speed. , Reflected froii the

photocathode, electrons 8 are accelerated by this system of electrodes and are

focused oh the screen. Getting on the screen, the electron beam causes its glow,

observed in the ocular system by means of a reflective mirror. The photocathode

applied in the converter had a sensitivity to 2 # with maximum of spectral sensi-

tivity near 1 u . Specific resistance of photosensitive layer (106 oln.m-) turned

out to be very low, which did not make it possible to obtain an image of good quality.

Therefore, the converter did znot emerge from the stage of laboratory research.

Fig. VI.15b. RCA converter with
electrostatic separation of electronFig. VI.15a. Converter with beams (The United States).

electrostatic separation of

electron beams (Germany).

The RCA converter (Fig. VI.15b), in principle, consists of the sawe elements

as the German, although it is constructed differently. An electrostatic field is

created with the help of bias battery 1 creating potential difference between photo-

cathode and screen of the order of 5-6 kv.
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In spite of the imperfection of the above considered converters with photo-

resistors, certain odels possessed sensitivity of 0.1 lux, i.e., make it possible

to distinguish on the image a difference in illuminance of separate sections of an

object of 0.1 lux for radiation in the visible part of the spectrum with true

temperature of 27000K. The converters allowed observations of objects whose surface

temperature was lower than 2000C. Resolving pmwer of the converters in the best

samples did not exceed 20 lines/u.

5. Power Su2WY of Electron-Optical Converters

Contemporary image converters are fed frc special high-voltage power units.

Depending upon assigrmnt of electron-optical instrument, its place of installation,

and operating conditions, high-voltage units can be both self-contained and connected

to an external network of electrical current.

Independent of type, power units must be economical, light-weight, and small.

Their powir should be sufficient for normal operation of an naage converter in the

whole range of operational illuminance of the photocathode, with little dependence

of output voltage on oscillations of primary voltage.

In connection with the small consuaption of current in image converter., the

power developed by a power unit may be very insignificant. Thus, if one were to

consider only the operating photocurrent through a converter of the order of micro-

amperes, then with voltage of 18 kv consumed power will constitute 0.1-0.2 w.

However, because of power conswiption by the voltage divider and absorbing resistors,

because of losses on leakage in the glass and in cable joints, the power of the

power unit must be increased to 0.5-1 w.

Thanks to mall consumption of current in the converter, the voltage developed

by a high-voltage unit is determined by its peak values, obtained during conversion,

which significantly siapliA.'ie diagram of the unit.

At. prsent, circuits on alternating current and circuits on direct current, both
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self-contained and supplied from a net irk, are in use.

If, as a primary source of current, alternating current is used, the diagram

of the high-voltage power unit is the simplest, since no vibrapack is in it. Such

circuits are executed either on the principle of double transformation of current

(Fig. VI.16a) or on a voltage-smltiplying circuit (Fig. VI.16b).

(a) Fp, (a)rp, With double-transformation of

alternating current (Fig. VI.16a) to the

entrance of primary transformer moves

T (b¶t alternating voltage of caciercial or

heightened frequency. To the output winding
Fig. VI.16a) Alternating current
unit with double transformation of the secondary transformer is connected
of voltage.
KEY: (a) Transformer; (b) kv. a rectifier and capacitor, from the plates

of which move 18 kv of direct currmnt.

The power consumed by the power unit from the primary network, constitutes 15-30 va.

The deficiency of such a circuit are the large leakage& of current both in the

actual transformer and in the rectifying device. With the aim of decreasing them,

all the circuit must be placed in oil or potted.

The circuit of a high-voltage unit on alternating current with subsequent

doubling of voltage profitably diE. Jrs from the preceding both in dimensions and

weight and in consumed power from the circuit of the primary source of current.

For instance, in one of the designs of a high-voltage unit the circuit consists

of high-voltage step-up transformer (Fig. V1I.16b) with primary winding n, = 300 turns,

to input of which moves, through regulating resistance "I , voltage 115 v, 400 cps.
Secondary winding has n2  -19•-,0 tu+,, ich ensures the obtaining, on output of

the winding, of a 7-10 kv voltage. In parallel, the secondar7 winding is connected

to the circuit of doubling and rectifying of voltage accumulated on directly heated

kenotrons CBK-l (J.1 and J72 ) and high-voltage capacitors (C1 and C.). In dis-

tinction from filament-supply kenotrones, in directly heated ones the cathode is
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activated by cesium, which ensures a small work fvnction, but the anode has a large

work function. This ensures passage of current in one direction (cathode - anode)

when supplying it by alternating current.

In the first half-period, when the anode of kenotron Jf, turns out to be under

positive voltage with respect to cathode, the voltage of the transformer charges,

through J11 , capacitor C1 . In the second half-period wI, cuts off, and the voltage

on the winding of the transformer is added with the voltage on C1 , becoming almost

equal to the doubled peak value. In this half-period kenotron J12 is triggered,

charging capacitor C2 to double peak value of the voltage on the winding of the

t-ansformer. From capacitor C2 voltage through resistor R3 moves to image converter.

Resistor R3 limits the current removed from the unit to 15-20 microampere.

(C I W Rosistor R omnected in parallel to

a •C 2, pr# Itoes fast discharge of capacitor.(a

(b)4 C2 after the turning off of the supply

unit.

A high-voltage power umit arranged on
Fig. VI.16b. Alternating current
unit with doubling of voltage, such a diagram, consuming from the power
KEY (a) v; (b) cps; (c) Trans-
former; (d) kI. network no more than 10 va, develops a

voltage within 15-20 ky with a 1 microampere

load current.

Self-contained units of direct current, in distinction from alternating current

units, use basically low capacity sowurces of primary voltage (dry batteries and

storage batteries of mall capacity) and require application of special conversion

of direct current into alternating for subsequent transformation and rectifying.

Therefore, questions of the economical use of the energ of the primary source here

hayv a decisive value.

The most economic is a power unit on direct current with application of

vibrapack and doubling of voltage (VI.17).
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Efficiency of vibrapacks does not

(a), eceed 50-70%. If, owever, we consider

fl additional losses in the transformer and

i _in the rectifier, then on the whole the

cj •. efficiency even of comparatively economical

Units Will be no higher than 50%.
Fig. VI.17. Self-contained power
unit with vibrapack. In this connection converters of
KEY: (a) Transformer

voltage without vibrators, developed on

the basis of semiconductor triodes, present definite interest. Distinctive peculi-

arities of such converters are their high efficiency and mall dimensions.

The principle of work of semiconductor converters of voltage can be comprehended

by the circuit in Fig. VI.18.

Triode 1717, is connected to the primary winding of the transf mer on a circuit

with the grounded emitter. It plays the role of a key, turning on and turning off

the voltage of the battery to the path of the primary winding of the transformer,

which moves through the collector - emitter circuit of the triode. Since resistance

of the collector - emitter circuit is insignificant, practically all the voltage

Eo moves to winding of transformer I. Current in winding I starts to grow, inducing

in windings II and III alternating voltage, proportional to the speed of change of

current ii winding I. As current speed grows its change decreases, which leads to

a decrease of voltage in windings II and III. Decrease of voltage U3 causes decrease

of current of base of triode, which in turn decreases current of collector, etc. As

a result cutoff of triode M/71 will occur. While triode is closed, voltages U_ and

U3 drop to zero and change th.9fr sign, causing thereby the appearance of base currer

and collector current. There occurs cutoff of triode and again the whole work cycle

of the converter is repeated.

The efficiency of semiconductor converters reaches 80-90%.
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The above considered circuit of

high-voltage supply units include, as anIr el
obligatory element, a primary source of

T1 1 current, which makes them often bulky or

Its requires an outsid'i source of current.

Recently, more and more frequently,
Fig. TI.18. Supply unit
on semiconductors. there have appeared reports about the

de7l'Ipaent of high-voltage atomic

batteries to supply certain circuits of el6ctronic equipment and, in particular,

image converters [10, 11, 12].

For the creation of such sources of c!earical energy it is possible to use

both radiation of charged particles and uncharged (y -radiation and neutrons).

Basic sources of charged particles, having obtained industrial application, are

strontium-90, yttriamr-90, mixtures of them, and also tritium and promethium-147. For

obtaining uncharged particles we can use, mainly, cobalt-60, whose quantun energy of

y -radiation is eoual to 1.33 Mev and half-life is 5.3 years.

Transformation of radiation into electrical energy is possible to carry out by

the self-charged capacitor method.

A self-charged capacitor consists of a central electrode with a radioactive

isotope, possessing A -radiation (emitter), and an external one gathering departing

electrons (collector).

With a sufficiently large time of accumulation of electrical charge such

batteries make it possible to obtain very high voltage. Thus, by available data

[10], an emission battery with sufficiently great load capacity allows us to obtaii

a voltage of 360,000 v during power o f 0.2 milliwatt.

Batteries of the "self-charged capacitor" type with P-radioactive isotopes

possesses rigidity of construction, absence of corrosion of parts, small weight,

high operational reliability, stability against short circuits, linearity of



charging characteristic, and a very long period of service (25 years). Nrthermore,

they will be able to sustain extreme high pressures of temperature and acceleration.
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PART II

APPLICATION OF INSTRtUWrS OF INFRARED TECHNOILGY
IN MILITARY MATT -RS



CHAPTER VII

SUPPORT OF COMBAT ACTIONS

1. Driv-in Transport and Firing at Night with the Help of Instruments of

Infrared Technolog.

In modern combat, night operations have acquired a considerable role and value.

It is natural that to guarantee concealment of night actions, correspording technical

means are considered. One such means is infrared technology, which, in the opinion

of many foreign military specialists, will ensure concealment and surprise action

for their troops. Thus, F. 0. Mikshe in the book "Atomic Weapons and the Arm"

indicates an ever increasing value of infrared technology methods in conducting

night operations. Already at present with the help of instruments of infrared

technology the following problems are solved. Driving transport at night and combat

technology, night firing of small arms, detection of military objects on the field

of battle by their thermal radiation (tanks, cannon, ships, and so forth), signafling

and communication between separate subdivisions and objects, designating moving

columns, monitoring movement, and observing actions of enemy (1].

Infrared instruments for driring machines at night (Fig. VII.l) consist of an

electron-optical obeervatir.. instrument, a searchlight (irradiator) covered by an

infrared filter, and a pow. unit for the observatInn imnmtuffimt.

In construction instruments of observation are subdivided into direct-flow

(monocular or binocular type) azrd periscopic (Fig. VII.2). Instruments of observation

are established firmly on machines or are braced on helmet of driver.
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Fig. VII.la. Swedish instrument
of night driving on an automobile Fig. VII.lb. American instrument
of the "Jeep" type: of driving.
l-electron-optical instrument of
observation; 2-power supply; 3-
bracket for bracing instrument.

Infrared headlights, irradiating the site ahead of machines,can be self-coatained

and arranged in parallel with the usual illuminating headlights, as this is done on

the jmerican medium tank M-48 (Fig. VII.3),or, wh6nr indispensable, before the diffuser

of the illuminating headlights infrared filters are established. As a rule, for the

purpcse of limiting propagation of radiant flux of headlights into upper hemisphere

and in other cases special limiting visors and diaphragis are applied.

For improvement of conditions of

camouflage when driving columns of machines,

in the foreign press it is recomended to
C,.

equip instruments with a head, one or two

S"intermediate, and a locking machine. In

this case, to guarantee safety of motion

o " it is recom•e•ed to establish on the

machines special light-signs, observable

Fig. VI! .2. Tank periscopic by the driver of the machine behind, and

instrument M-41. also at necessary places on the roads tc

establish special infrared signal lights

and indicators.
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Since visual range and angle of

vinlbility of site in an instrument of

observation are limited, then, naturally,

limited also is the speed of the machines.

By report of the American press, speed of

armored carriers at night should be no
Fig. VII.3. Location of infrared
headlights on an M-48 tank. less than 10 km/hr [2], however, one of

the recent instruments for driving machines,

the T-6A, which passed its test in 1958 and was taken into use by the Arxy of the

United States, ensures, supposedly, a speed at night equal to the speed by day on

lirt roads.

Character of the image of site, observed by day 1 and at night 2 in ar, electron-

optical instrument,is shown in Fig. VII.4.

Along with instruments for driving machines at night, in the ground troops of

a number of countries infrared electron-optical sights for carbines, rifles, machine

guns, and cannons have found application.

Such a s.'ght is the M-2 sight (United

States) for a carbine. This sight consists

of an infrared searchlight with a 25 w tube,

-' an electron-optical instrument of observation

with a 1-P-25 converter and a power unit

transportable by a soldier in a shoulder

Fig. VII.4. Section of a road bag. Distance of aiming is 100 m.
observed in an instrument for
driving machines, by day 1 and at In 1954 in the United States, taken
at night 2.

into service was an infrared sight, the

"S'Supersniperscope:', for the rGarand M-?-" rifle (3] (Fig. VII.5), consisting of the

same main centers (searchlight and electron-optical instrument) as the M-2, pbut

possessing aiming distance of 250-270 m. Increase of aiming distance was attained
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thanks to application of a more highly sensitive converter with accelerating

voltage of 20,000 v and a 30 w searchlight. Weight of the sight outfit without

storage battery is 12 kilograms.

In distinction from the M-2 searchlight (1), the sight of the "Supersniperecope"

is located above the rifle, and not under the carbine, and has a common bracket

with the instrument of observation (2). The latter circumstance allows fast change

of day version of rifle into night version, and back again.

In foreign literature the following tactical application of rifles with infrared

sights is recommended: soldiers having such rifles act In pairs one produces bias

lighting of site, and the other, being at some distance from the first, during this

time conducts fire on target.

Infrared sights for machine guns (Fig.

VII..6) and cannons are analogous in con-

st~ruction to rifle sights, however, they

have longer aiming distance due to the

application of more powerful searchlights

and sources of supply. Thus, the sight

Fig. VII.5. "Supereniperacope" for the hand machine gun "Chatelraux"
on the "Garand M-111" rifle.

(France), weighing 8 kg (without power

source), allows aiming from distances up to 400 m. In it the searchlight and high-

voltage power unit are assembled on the receiver near the instrument of observation.

The storage battery for power supply of searchlight and instrmnont of observation

has comparatively great weight and is transported by one of the soldiers of the

machine gun crew.

To apply machine guns with infrared sights, just as with rifles. it is considered

expedient to use pairs, placing them on flanks of subdivisions. Sometimes to the

sight outfit is given a powerful outlying searchlight. With the aim of camouflage

it is recommended to carry the searchlight aside from the shooting machine gun.
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It is possible to judge the effectiveness of application of infrared sights for

smaLl arms by the operation to capture the island of Okinawa. In this operation the

Japanese &rmy lost 30% of its men, killed only because US marines used carbines with

the M-2 night eight.

In the American M-60 tank are used the following instrwmefnts: a searchlight

giving infrared and visible light, two-channel optical and electron-optical periscopic

sights, a monoc,-far range finder and a closed television system. These instruments

allow a tank to ftght at any time of the twenty-four hopirs.

Fig. V1l.6a. French light-weight Fig. VII.6b. Heavy machine-*gn
machine gun "Chatelraux" with with infrared sight.
infrared sight.

For "illumination" of the field of battle, on 'he tank is fixed a combined

searchlight developed by "General Electric", replacing the earlier applied 18-inch

searchlight. The searchlight has a xenon incandescent lirp and is fixed on the

armored cover above the gun. For inclusion of infrared irradiation between tube and

reflector a small infrared filter is introduced.

The tank comuander and the gunner have two-channel periscopic sights which allow

then to conduct observation in infrared and visible beams. They observe in the

optical channel with 8 X magnification with the left eye, but in the electron-optical

channel with the same magnification - with the r4ht.

A monocular range finder, working on the principle of range frdere of amll-size

cameras (a combination of two images of the target), allows them, without special

difficulties, to determine distance in a range of 500-4400 m.

Application in the tank of closed television equipient increases the capability
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of armored troops when carrying out cmbat actions at night. The equijaent consists

of a transmitting television chamber, two receivers, and auxiliary units. A

distinctive peculiarity of the equipnt is the fact that it can worA in two con-

ditions: in conditions of the usual television equipment and with the use of the

principle of emmoriation of signal. The first conditions are intended for work by

day; the second - in conditi- ns of natural night illmataLnce whet. the site is not

examined even by optical instruments.

It is indicated that such a system essentially supplements the infrared sight

and is absolutely p"sive.

The essential deficiency of the considered sights is the presenco of the special

infrared searchlight for bias lighting of the target. Its radiation is the revealing

factor, and the eneW, armed by an infrared instrument, can not only reveal, but

destroy the searchlight by rifle, machine gCn, or cannon fire.

Therefore, in the period of the Second World far attempts were undertaken to

create passive infrared sights, using for their work thermal radiation of targets.

One of the first sights was the antiaircraft electron-optical sight "Orel"

(Germany), revealing a B-29 because of the thermal radiation of its mtors from a

distance of nearly 30 km.

Attempts were made to install electron-optical eights on aircraft for detection

of and aiming at eir targets. Thus, in 1942 in the English Air Force there appeared

night fighters with electron-optical sights fixed firmly in the cabin of the

aircraft. initially they were designed for deý%qction of t isir own aircraft, marked

by infrared headlights. However, later the instrment was used as a collimator to

facilitate aiming.

At the sow time _L, Crew=__- th-n; was develo.ed and fixed on certain fighters

an electron-optical sight, the "Schpanner-IIA," with a motionless laying mark. This

sight (Fig. VII.7) had cvndle-power optics with a large inlet (A = 1 : 0.8, f - 90 Mn)

and differed by its large dimensions. As a sensitive element in the sight was applied
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a converter of the fizm AEG With a 300 field of sight, the sight allowed detection

of a B-29 from distances of 8-10 ka.

Fig. VII.7. German electron-optical sight, the "Schpanner-IIA.:

2. Infrared Ra Ae Finders

Infrared paasive systems of detection and aiming do not allow meaburi•• directly

the distance to target. It is necessary to apply radiotechnical or optical means to

determine distance to target.

Therefore, efforts of many specialists of infre technolog were directed to

the creation of range finders, working in the infrared region of the spectrum. The

•.reation of such range finders would allow them to make the operation of systems of

detection and aiming more flexible and noiseproof, and also would signWifcantly

increase concealment of their work.

In principle of action, infrared range finders %re identical with optical working

in the visible region of the spectrum and can be divided into electrooptical, base,

and axial.

Optical range finders, working A-1n the visible re-ion of the spectrum, have

found wide use in artillery, in geodesic, and enginnering works; infrared range

finders, due to a number of specific requirements presented to them, until now have

not been widespread. Nevertheless, the principle of construction of such range

finders mLy be comprehended from analysis of existing systems.



Range finders belongJng to the active type are based on measurement of time of

propagation of radiant flux along a route, equal to a doubled magnitude of the

measured distance.

if speed of propagation of radiant energy is known in a given medium (a-..

v then the measured distance may be obtained from simple relationanip

D=v+-k. (VII.i)

where k is the correction constant of the range finder.

Characteristic for this form of range finders is the necessity of irradiating

target with electramagnetic energy differing in some manner froq radiation of the

surrounding background. This requires presence of special modulation of radiant

flux, i.e., change of characteristics of radiant flux in time. As a rule, such a

change of characteristics is based on amplitude modulation, which may be carried

out by different devices: a mechanical modulator, by pulse radiation, or by appli-

cation of electrooptical Kerr effect or piezoelectric effect.

In the case of application of pulse tubes for radiation of radiant flux,

electrooptical range finders, by analogy with radar technology, have obtained the

name of "light locators."

Range finders of the base type pertain to passive systems, since their work is

the registration of radiant flux radiated by the actual target.

Base range finders can be divided into internal and external base. In the

first case the base, with receiving heads located on the edges, is on the object

froa whica distance is measured, in the second case distance is measured with respect

to a base (on whose edges there are sources of radiation energy) located on the

object to which distance is msasured. As can be seen, in the second case capabilities

of a range finder are limited, since it is required beforehand to know dimensions of

base.

However, in any case it is required to measure parallactic angle A (Fig. VII.8),

included between two lines of sight of end-points of the base.



Distance to object in this case may be calculated fzoe simple ratio

D=--- it, (VII.2)

where 6 is the base, m;

A is the parallactic angle, rdn.

Work of axial range finders is based on the fact that every point of space at

distance L from objective of range finder corresponds fully to a fixed point in the

picture plane at distance L', where its image will be the sharpest. Measuring

distance L', one can determine also distance to observed object from ratio
L, I

--, (VII.3)

.,here f is focal length of objective.

Axial method of measurement of distance has not fbund propagation in military

technology, since displacement of picture plane during measurement of large distances

is insignificant and, consequently, accuracy of measurement of distances will be low.

More or les- acceptable accuracy with this method may be &ttained during measurement

of distances maller than (IO0-200)f.

Nevertheless, during the Second World

6War, in Germuny there was developed an

axial range finder for an electron-optical

antiaircraft sight, the "Orel" (Igel). In
Fig. VII.8. Parallactic
angle during base range this sight, focusing of target image
finding. ((luinescent point from branch pipes of

aircraft) was produced by shifting one of the lenses of the projecting objective.

This allowed them to determine (approximately) the slant range to target, with

respect to angle of sight - and the height of its flight, neceasary for conducting

sighted antiaarcraft fire.

Let us consider more specifically the work of the most promising types of

range finders - electrooptical and base.
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- -~r --' ' . 1cJh 1t was a-r.io~ fo~r -h~er pu~rmesee.

Light roim týurce R C•ig. VII.9) is

zý- designed wril.h thie help of O-)Jective 1 and

semitranuparent mirror 2 in plane of

rotation of a toothed modulating disk 7
Fig. VTI.9. Diagrrm of the
exp*riment of Fizo. with quantity of teeth n and l'evolvinC

with a speed of N rps. With the help of

output lens 3 radiant flux from the source is directed by parallel beam to rirror

surface 5, ahead of which fezusing objective 4 has been located. The focusing

objective was established at one focal length from, the mirror, in connection with

/radJant flux reflected from the mirror again was collected by objective and headed

in the oppusite directiocn by parallel beam and was observed through eyepiece 6.

During certain turn8 of the toothedI disk luminescent image of source of light in

reflected beams disappears. At this instant the distance to mirror may be determined

from relationship

(Vi.4)

where c is speed of light (c = 3.1010 cm/sec).

Prom the operating principle of Fizols device, it follows that an electro-

optical range finder ( Vig. V1.9) should include the following basic units: a

source of radiation energy, a modulating device, ar optical system sending modulated

radiant flux in the needed direction, a receiver of reflected radiant flux, a device

for neasuremn'nt of propagation time of signl, and a surface reflecting the optical

signal in the opposite direction.

During development of ar electrooptical range finder for any asaigrnnt two

basic requirements are presented to it: guarantee of necessaxy range and needed

measurement accuracy of this distance.
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rer•ectirz 9a1rface of the target, whose sise cen rary in wide limits and cannot be

considered beforehAnd when designirg the range finder. Therefore, the source

strength of the radiant energy must be taken with k3own supply. In this respect it

is more profitable to use infrared beaum, since they better pass through the

atmosphere and have higher reflectivity from the majority of metallýc surfaces.

Furthermore, their application to a lesser degree uncovers the work of the range

finder.

Guarantee c f needed accuracy in measurement of distance to target may be

carried out by selection of corresponding characteristic of radiant flux saGulation

and by the application of special devices for measuring very small time intervals

(of the order of microseconds).

From the view point of foni-ng an optical signai radiation energy may be

characterized by frequency, phase of oscillations, and their magnitude (amplitude).

Up to now amplitude moaulation has had practical application in range findzers for

forming signal.

For the purpose of changing intensity of radiant flux in range finders there
arrl ied!

are,Aechanical modulators, pulse tubes, electrooptical Kerr effect, piezoelectric

effect and the phenomena of diffraction and interference of radiant flux. All of

them have found sufficiently wide application, especially in geodesic eloctrooptical

range finders.

Accuracy of distance measurement, as this follows from modified expression

(VII.A4 ) c = 4D•n, is proportional to the frequency of modulation of radiant flux

(Nn). Furthermore, in practice it is established that operatinna! accuracy off -

range fMear Is ii.areased as the law of modulation approaches harmonic.
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'i0. VTT.-O. Plock-diag•-a• In range finders for military assign-
o¢f Puls_- eIectrooptical range
finder. ment, where very high accuracy of distance

measurement is not required, pulse modula-

tion is applied. Application of pulse tubes has one important advantage, as compared

to sources of constant radiation, and that is namely; wi ti. small average power

consumed by tube from power source, the pulse energy may be very great.

We will consider the work of such a pulse electrooptical range finder, for

example, an American range finder, developed in the United States in 1948. The range

finder (Fig. VII.1O) was designed for measurement of distances up to 4550 m. As a

source of radiant flux, a pulIse tube served, creating pulses of light I , -I- in

duration at a pulse recurrence frequency of 20 imp/sec.

Pulse tube 2, placed in the focus of parabolic mirror 3, is lit by source of

supply 2. At flash of tube simultaneously sweep generator 5 is started, creating

on electron-beam tube 6 a horizontal sweep trace.

Reflected from target 4, the ray with the help of parabolic reflector •nd flat

mirror 7 heads through diaphragm 8 and objective 9 to photocathode of enlarger 10.

After preliminary amplification 11 the appearing current pulse head& to the amplifie

of vertical deflection of the ray of the electron-beam tube. As a result on the

horizontal sweep trace will appear a vertical mark of reflected pulse of radiant

flux.

Since the beginning of Lne sweep coincides with the momoent of light pul-ing,

then the distance from the beginning of the !;w-1- to *.he vertical pulse w41. ýe

proportional to the time of passage of signal or doubled distance to target.
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witý 1.82 a precisinn both at right and by day; however, in the latter case azcvxbzy

was wsete.

Electrooptical range finders, in spite of the possibility of obtaining, with

their help, high accuracy of distance measurement, due to their active principle of

operation, reveal their own work as do radar range finders. The work of electro-

optical range finders, to a significant degree, depends on the time of day .and the

state of the atmosphere. The low reflectivity of surfaces of the majority of

military objects also requires application of very powerful sources of radiation

for covering large distances.

In this respect more profi able are passive base range finders, Jf it is not

neceseary tc obtain very high accuracy durinrg masuremer.t c itst .

In stations of fire control of greatest interest are internal base range finders,

since their base enters in the structural dimensions and is always exactly known.

Such range fiaders have to include: a receiving head with aensitivity in the range

of wave lengths of the radiation of the target, a summing calculating unit, and a

distance indicator. Receiving heads, located on the edges of the base, are the most

responsible elements of the diagram, since their accuracy in determining angular

coordinates gives, in the end, accuracy in detgruining distance to target,

dO dh
-Y 7AT (V11.5)

This is especially important, if one considers that the magnitudes of the

parallactic angle, subjected to measurement, are minute (Table ir1.1).
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824 412 I 275 164 82 55 41

02-6) 3 -687 412 206 135 103

Siall valuez of measured piraila&Lic angle, not exceeding several minutes in

magnitude, lead to the fact that base range finders have to be extraordinarily exact

gonlometrical. Instruments, protected from external influences; haking, shocks,

chartges of temperatvre. They also have to have a very high rigidity of base. There-

fore, besides the named basic elements, base range finders have to include addi-

tionally a whole series of devices compensating for these external influences.

If tne problem of compensating for errors due to external influences f.-

stationary base range finders (ground and ship) is solved at the expense of compli-

cating the design or iLncreasing weight and dimensions, then for range finder* of

aircraft stations of fire 'nntrol, where dimensions and weight play sometimes a

decisive value, solution of it is very complicated. In literature there is no

information about development of infrared range inderp for aircraft interception

stations. Inasmuch as the accuracy of work of optical range finders, in the first

place, depends on the accuracy of measurement of minute parallactic angles, very

useful for these targets can be receivers with lateral photoeffoct, considered in

Chapter, V. High icouracy of measurement of anpular target position data, reaching

to hundredths of angular seconds, allows, with this method, measurement of mall

parallactic angles during the use of short bases. This significantly will increase

rigidity of the system and, consequently, will. lower the requirement for compensating

diagrams, wt.ich, in turn, will simplify the range finder.
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gunsight with a raznge grid expressed i-n thousandth fractions of distance.

The gunnar, by the silhouette of the target, determines Its dimensioni and by

the quantity of scale divisions packed in the dimensions of the target, determines

the distance to it by the formula

D=-1000 (vlI.6)

Such a method is very simple in use and in grahic, but contains large errors

due to the absence of exact data about the actual dimensions of the measured base

and the inaccurate meaauremment of the angle, especially at large distances. There-

force, accuracy of measurement of distance to target constitutes a magnitude of

the order of 15% and more.

A type of external-base range finder may be a device for determining distance

between two of one's own objects, marked sources of infrared rays, delivered to a

known distance.

The principle of work of such a range device is a.•ed on wedge-type compensation

of shift of image, well-known in optics (Fig. vII.II).

If on an objective drops a parallel beau of light, then in its focal plane is

obtained an image of the source (point A). If, however, now we place beforv the

objective an optical wedge, then it will cause slope of beam to angle 8-(n--a) s , £3

a consequence of which the image of source will shift and will corresporxk4 to the

position of point S in the focal plane. With this, distance is

A ----a •I: ~:-n:,(Yi. 7)

where f is focal length of objective.

If the we4ge is in the form of a thin truncated cylinder, then during its

rotation around optical axis, displiacenmt, having horisontal and vertical omponents,
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This property of the revolving wedge may be used for compensation of parallactic

angle in ar external-base range finder.

The principle of construction of such a range finder may be comprehended from

Fig. VII.12.

r-7 A(a)f

a ,

Fig. VTI.ll. Principle of Fig. VII.12. Diagram of the arrange-
action ^f wedge-type compensator. ment of a wedge-type range finder.

KEY- (a) Eyepiece.

From the external side of objective 1 of electron-optical instrumnent 2 there

are established two identical wedges 3-4, connected by conical transmission 5. With

the help of this transmission their rotation to opposite sides is carried out. The

wedges have, i, the center, a hole, through which radiant fu,> from one of the

infrared sources limiting the external base proceeds to objective 1 and then to the

photocathode of the image converter 2.

Image of source a on the screen of converter 6 is combined wit~h the center of

cross lines, which is the mark of the optical axis of the instrument. Image of

another Mource b is projected on the Akotocathode by means of two wedges. If the

wedges are located strictly in opposition, then they form a Plaze-parallel plate,

and the distance between the two Images exactly corresponds to the magnitude of the

parallactic angle at which the external base is visible to the instrument.
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with which ther• im produced a combinat-,on of Imge of the ie.ond source.

"The an4•le of rotation of wmdges T and, convsquentiy, ,,f the handle, cn toich

can be drawn divisions, is used for calibration of instrument with respect to

distance,
D- 28 (c, 4P, - (VI I. 8 )

where q)o is initial adjusting angle of wedges.

An can be seen, such a method of measuring distance is very simple and does

not requirto special skills, however, in it algs in inherent error from the possible

change in dimension of base. Therefore, it may be used where high accuracy of

distance measurement is not required.

3. Protective Interlocks

Fbr the purpose of increasirg reliability of protectio% of certain objects

important in a military relation, interlock of passage* and iertain sections of the

site, when visual observation for any reason is hampered, an automatic photo-

electronic ergency signal (APhES) is used.

In its principle of action APhES equipment may be passive and active.

In the first case, the object, intersecting the interlock line, is revealed by

special equipment at the mment it appears in ths field of sight of the receiving

device, either by thermal radiation of the object or by contrast between the object

and the background. Such a form of interlock fbod application even duvin the

years of the First World War. An ezemple can be the blocking of the entrance to

the Harbor of Ontende with the help of the simplest thermal direction finder,

recording the entrance into the harbor of ships by the radiation of their stacks.



In the case of an active principle of operation, the guarded object is embraced

along a perimeter by a continuous ring of infrared rays, the Int6rsecting of which,

in a-rY place, causes ayl alarm signal. Such a system, consequently, should consist

of sources of infrared rays, receiving devices with ariplifiere of photocurrents,

and a system of relay includir: the necessary indicator instrument.

Source of radiation usually is an electrical incandescent lamp placed in the

focus of an optical system, forming a raciant flux with a very small angle of

divergence. The lamp is covered by an infrared filter, but in order to exclude the

effect of background radiation and to simplify amplification of photocurrent in

the receivinj device, radiant flux on the output of the radiator is modulated.

Emitter (VII.13) ,-onsists of a stand, a tube, and a moculator. For exact

alignment of ray in the direction to the roceiving device the stand has two pairs

(stop and ricr, tric) of screws for co.rse and exact aiming [131.

In the tub are placed the prim lens and the infrared filter. Focusing of

radiant flux is carried out by displacemen.' of lamp relative to prism-le%r.. The

incandescent lamp, 12 v X 15 w, is supplied by lowered voltage 1- v for the purpose

of uincreasing reliability in work. Modulation of radiant 'lux is c'rried out by a

disk with 12 holes, revolving with a speed of 30OU rpm.

The receiving device (VI.14) constitutes a high-sensitivity photorelay,

consistn,-g of a photocell and a three-vacuum-tube amplifier of alternating current,

tuned to a frequency of 600 cps with an amplification factor of the order of 10o.

Proceeding through inlet, the radiant flux iL focused by lens on the photocell,

exciting in it photocurrent. For the purpose of decreasing fatigue of photocell

by daylight the entrance window is simultaneously an infrared filter.

Intensive current Joins the coil of the cait-it relay,which locks the contacts

of the winding of the power supply of the intermediate relay on the shield of signal

reception.



Upon intersection of the ray by an

4 opaque object the photocurrent ceases,

disconnectIg the output relay, which, in

turn, disconnects the intermediate relay.

S..This causes appearance of the alarm signal

C' •and ludinecsence of a corresponding section

on the lamp register. Characteristic for

this design is the fact that the winding

of the intermediate relay is always under

S! current. Therefore, itminescence of the

corresponding sons on the lamp register

occurs both in the case of disturoance

of sons and upon the appearance of a

fault in any circtiit of the design.

If it is necessary to determine

Fig. VII.13. APh&S hitter direction of penetration of forbidden
IKO-6:
1-light filter; 2-prism-lens; zone, then there are established two
3--disk of modulator; 4--electrical
motor of modulator, 12 v, 3,000 rpm; parallel lines of infrared rays. In this
5-lamp, 12 v, 15 w; 6--moving ring
of focusing; 7-stop screw of moving case the order of laminescence of light
ring.

lines of the register testifies to the

direction of penetration of sons.

When blocking penetrations or protecting military objects of great value is

we1l considered and carried out camnuflage of equipment. With this goal it it

made small-size and very reli'rble in work, in order not to require checks and reptir

An example of such equipment, intended for blocking penetrations through a

bourdary, strategic crossings, roads, bridges, mine barriers, airports and air bases,

and storehouses of awinition and materiel is the infrared barrier equipment, L -0,

developed by the VI? firm (France) [4].



The L-40 equipment consists of an

i emitter of infrared rays, modulated with

a frequency of 50 cps, and a receiving

head with amplifier and signal apparatus.

A source of radiation (lamp 2.5 v X

X 0.3 amp), covered by an infrared filter,

is disposol in focus of a oens 80 am in

diameter. Modulation of radiant flux is

carried out by electrical method, by means

of supplying to the lamp one half-period

of alternating voitage with a frequency

of 50 cps. Such a form uf modulation of

Fig. VIi 14. APt- ,Ieceivor: radiant flux ensures full noiselessness
1-stop acrew of horisontal
aiming; 2.-micrometric screw of work, which is necessary in order to
of horizontal aiming; 3-screw
of elevation; 4-terminal of guarantee concealment of the •plication
connection of control milliametnr;
5-safety device; 6-terminal of of optical blocking.
grounding.

Entrance window of the receiving

device is a lens 80 = in diameter, in the focus of which is disposed a photocell.

Photocurrent moves to entrance of two-tube amplifier of alternating current, tuned

to a frequency of 50 cpu.

The range of the "emitter-receiver" system, with a reserve for guarantee o-

reliability of work in bad weather conditions, constitutes 500 &.

In a case of disturbance of guarded space the receiving device passes a

comand to the signal instrument, on which a red alarm light lights am a bell starts

to ring. To aoSP the alarm signal and a repeated starting of the circuit, there is

a special switch.

The supplying of power to the equipment is carried out through step-down

transformers fro a power network of 110, 125, 220, andri 215' i. Total consu=, tion of

-nýrpy is 20 w.



4. Cio0outiion in Outer Space

In the conditions of the terrestrial atmosphere counicAtlors on infrared

rays has limited application and Aiinificantly yields in range to radio communi-

cations. With increase in height the effectiveness of using optical means of

comunlcation continuously grows. Outside the terrestrial atmosphere infrared

means of cammunicttion not only do not yield to radio, but have a practically u:-

limited range.

Succasms., attained in the region of mastering outer space, again set the

problcm of communicating on infrared rays as a subject of theoretical &rnd experi-

mental research.

Interest toward such a form of ccmnication is not accidental, since this

communication has a series of advantages, as compared to radio communications.

1. The spectrum of infrared radiation is sufficient for distribution of many

millions of coemmuication channels.

2. Communication on infrared rays in outer space allows the use of solar

radiation or heat given off inside the spaceship as a source of energy of carrier

frequency.

3. The necessity for special transmitters drops, only modulators of radiation

energy are required.

4. A sharp decrease in wave length of radiated energy allows the use of

small-size optical systems with very high directivity of radiation (it is assumed

possible to obtain rays with an angle of the order of 10-5 rcn).

5. With Licrease I n directivity of radiation, at a given diameter of optical

systems the power of the transmitter decreases reciprocally to the square of the

wave length.

Theoretical calculations show that for communication between Earth and Mare,

with the application of coherent radiation of a quantum-mechanical generator of

optical range and a sensitive element with an equivalent power of noises 10-17 v/cps



(wIsec) at a 1 m aperture of optics and a tranamisaion speed of 1O6 binary elements

per second, average power of 100 w is necessary.

However, during le -elopment of communication systems on infrared raye it is

necessary to meet at present a series of problematic questions. The mfin ones are:

a) Creation of coherent optical generators and amplifiers and, in particular,

quantuWY-mechanical;

b) Development nf systems of exact tracking to guarantee strict mutual

directivity of transmitting and receiving devices;

c) Development of the technology of manufacturing inexpensive optical systems

with very rigid requirements with respect to allowances in their manufacture.

A complicated problem is also the direct test of models of equipment in outer

space. Namely, t.'sreforo, the question of application of infrared rays for coemnini-

cation in space, as yet has not emerged from the framework of theoretical research,

although it is considered very promising. Questions of the adjustment of certain

elements and Reneral block-diagrams of equipment for cowmnicating on infrared rays

are an exception.

It is known, for instance, that the Farrand Optical Co. Inc. works on the

creation of incoherent sources of radiation. Thus, developed by this firm, a

spark source of light with a 11 =m diameter gives a brightness of 40.-0 9 cp/cm2

(more brightness than the Sun) and may be used in systems of communication with

pulse modulation. This firm suggests the use of continuous radiation c a source

of infrared rays as a carrier frequency, modulated by sinusoidal oscillations with

lower frequency.
Tn Table VII.2 a-e p-resnted csrtain eptimum properties of sources of radia-

tions, which can be used for optical comunication, and in Table VII.3 - nptimum

properties of sensitive elements, intended for these purpses.



Table V'II.2. Optilm Yrperties of Sources of RadiAtion for PurposeO of
Optical Cowm~mication (5, 6, 7].

d-adiatio•n Power, anduidth,
intensity, wcps

Source of Radiation wieterid

In pulse Average Input Output Total tio-

Carbon arc 107 I07 3.103 1.5-103 1015 i08

ZLher form3 oflC4 - 1015 108
discharge 3"10 1 10

Reflected sunlight 107 107 - 103 51014 108

Mercury are of high
pressure 109 10 10 3  5"102  15 8

Quantum-mechanical
generator of optical 511631 1O> 102 102  1
range 5 5"10

Table VII.3. Optimn Properties of Receivers 15, 6, 7].

Equivalent Bandwidth ef Bandwidth of
Power of carrier, Modulation,

Sensitive element Noise, cps cpsv/cpu

Thermal I0-11 101 5

Photoresiistor 10-13 1015 -

Human ee 10-16 3 1014 10

Photocell with
quantum-mechanical
amplifier 10-17 1015 109

Wlarger i0-17 1015 108

Detector of shf 2-10-23 109 109

Qvantum-mechanical
amplifier of
optical range 10-13 10 108



A block-diagram of one of the systam of commmication on infrared rays, SOCOW,

leveloped by the firm Electro-Optical Systems [5, 6, 71 is shown in Fig. VII.15.

In the SOCOM system for trsninission

Cog,)• a of information an optical range of solar

O*re• 4 '' C- M , radiation is used as carrier freqaency.

1 - . The tran•mtting and receiving

nlqiEmvt.rn,, azitennas c#nstitute a system of mirrors

Nw ,witr, variable orientation, a&iowing

4 collection of solar energy at any angle.

In the trannmitter solar radiaticn
FU. VII.15. Block-disgram of a
receiver and a transmitter of the accumilates and is formed into a narrow
50CO systm.
1-collecting antenna; 2--optical brim, which then is paused through the
modulator; 3--trensmitting antenna;
4-servuetechani; 5-suboodulator; rodulator. A modulating signal is created
6 -source of 'upply; 7-information
processing unit; 8--receiving antenna; after passage of information through the
9--detector of carrier; 10-detector
of subcarrier frequency. data processing unit and suboodulator.
K'Y: (a) Solar radiation; (b) Output;
(c) Support signal; (d) Error signal; After modulation the coded signal proceeds
(e) Input of information; (f) Trans-
mitter; (g) Received signal, (h) to the transwitting mirror for tranamiusinn
Receiver.

to surrounding space.

Tracing the sum ia done by a special watching device, sensitive in range of

wave lengths 0.5-1.1 u .

Transmitted radiation is picked up by receiving antenna, in the focus of which

is disposed a sensitive element. After passage of corresponding processing, signal

proceed!R to output device for reproduction.

0n the *%atement of the firm, the transmitter, weighing 13-18 kg, conumes

power of 10-15 w. It is expected that during transmission of signals to a eistance

of 106_107 km with mirrors 1 m2 in area and pasban of 10 cpu, the signal-to-noise

ratio is equal to 10 db. Thin ratio can be increased as much as 10 times by cooling

of the photosensitive elment.



5. Evention of Midair Collthsioni of Aircraft

During flights at great heights with cloudless sky or above overcast, a

phenomenor 3ccurs, known as 'yopia of vacuu" ([]. Tn this case a pilot with

normal eigtt suddenly become nearsighted, and hi. eyes will focus at a distance of

no more than two meters.

If one considers that observation conditions of air targets at great heights

ar- hampered by the dark backrrouna of the fi-amment and very little scattering

of sunlight, then the Importance is vmoerstood of solvin the problin of early

detection of encountered aircraft for prevention of collisons. Purtherimore, on

contemporary aircraft, and especially on jets, the pilot is forced to expend more

than half of the time on observation of insrtrments on the instr-ment pawl in the

cabin and cannot, therefore, allot much time to surveying the space outside t.he

cabin.

These peculiarities of the work of the pilot in high-altitude and high-speed

machines demanded the creation of special equipment for the preTention of midair

collisions.

According to information available in literature [9, 10, 11] such equipment

should consist of both an indicator of approach of another aircraft and of a complex

automatic syste for preventing collisions of aircraft.

The indicator is designed to warn pilot about presence in the air of another

aircraft. Its indications must be easily read, since for the pilot they are the

only warning of possible danger, after which the pilot concentrates his attention

in the direction which the instrument indicate, and, after being convinced of his

threatened position, starts a corresponding naneuver. In connection with this the

indicator of approach is most useful during good weather.

A system of preventing midair collisions should reveal approaching aircraft,

z&vera6a obtained data, dete.m•ine '- both aircrtft are on threatening courses, reject



infornmation about nondangerous aircraft and indicate to pilot the correct maneuver.

The system should continuously analyz~e danger created by every approachine aircraft

and not require th• attention of the piVot until there is a necessity to maneuver.

Pree-space range of approaching aircraft at a height of 3,000 m with a 90%

probabi ity of detection was fixed for low-speed aircraft (speeds of flight up to

550 Im/hr) at 3.2 km and for high-speed (speeds of flight over 550 km/hr) at 13 kM.

This distance should be ensured in a zone + 240 m in height relative to the

height of flight of the protected aircraft, since the miniimm difference in flight

altitudes of separate aircraft is taken as 300 a.

By 1957 there were developed and published abroad two basic designs of

indicators of approach. These systems use the principle of registering infrared

radiation of approaching aircraft or registering moadulation of infrared lackground

of the atmosphere either by the propellers of the aircraft or by the turbulence

of gas flux behind the jet nozzle exit.

The first. design, which Rives the pilot only the course angle to the approaching

&ircraft consists of a receiver of radiation in an azimuthal plane, two receivers

of radiation in upper and lower hemispheres, an indicator on the instrument panel,

and a power supply unit with a data converter.

Receivers of radiation are established

on the fuselage of the aircraft to ens'. i

obtaining the antenna radiation pattern

shown in Fig. V1.16.

The azimuthal receiver of radiation

Pig. VII.16. Survey zones
of equipment. consists of a revolving mirror inclined

KEY: (a) Miles; (b) Feet.
at a 45o angle, and an optical system Ln

whose focus is disposed an uncooled lead sulfide *iotoresistor. The projecting part

of the azimuthal receiver is placed in a hemispheric dome 9.2 ca in diameter. Search

for aircraft is carried out by a 150 band at a 3600 angle with a speed of 30 rpm.



Minimmm range of the azimuthal receiver depends on the type of approaching aircraft,

its foreshortening, and the state of atmosph~ere, and attains 3.2-6.4 kI.

Receivers of the upper and lower hemiapheres conaist of uncooled lead sulfide

photoresistore, mosaic type, covered by a dome lens.

All three receivers are united through the data converter with a switch

indicator 75 mm in diameter. On the glass of the indicator Is drawn a silhouette

of the aircraft. A pointer is attached tW a revolving disk, whose front side is

broken down into four quadrants for signalling the pilot that the approaching

aircraft is in one of the following positions relative to his aircraft: on the

right, on the left, above, or below. Behind the disk is placed five tubes, one

of which (in the center) is connected with the asimuthal receiver, and the other

four with the corresponding hemispheric receivers.

When infrar'd radiation from the approaching aircraft hits the asimuthal

receiver the pointer of the indicator instrument will turn synchronously with the

turn of the mirror and will indicate its course angle, and the central tube will

start to blink with a frequency of 1-2 cpe. If the nearing aircraft is in the

dangerous 240-meter zons in height, then the tube lights, illuminating the corre-

sopnding quadrant of the instrument, which allows the pilot graphically to determine

where the approaching aircraft is: on the right or on the left, above or beneath

his aircraft.

There are two other varieties of similar design.

One of them anticipates installation on aircraft of special infrared emitters

of circular action, which allow an increased range and noise immnity of the

indicator of approach but anticipates installation of aaditin-al eg--,-ent.

In the second modification, in the tail part of the aircraft is established

a controlled television camera. After the pilot obtains warning of the presence

of another aircraft in the rear hemisphere, he can turn on the television camera,

direct it in the direction of the nearing aircraft, and observe on the screan of an

electron-beas tube the air situation created.



Fx.perimental check of this design showedd that a four-engine aircraft is r -

vrelea from distance, at which it had not been seen in an optical instrument bith

fourfold magnification.

In one of the aesigns of the indicator of approach uwcooled lead sulfide

photoresistorm are established in the nose and afterbodies and on wing cantilevers

from above and frcm below, which allows exaination of upper and lower hmispheres

around the aircraft (Fig. V7I.17).

Each receiver constitutes a set of three rings on a coain dome-shaped base,

on which is placed along the circiwference 36 photoresistors eazh. The receiver

is covered by a plastic dame 20 cm in diameter, which p;sses infrared radiation

well in L wave range 0.9-8 u . This material (chemically stable, light, and

durable) sustains heati-W well up to a temperature of 300(C.

The n•mber of elements in the ring determines the accuracy of the design in

the azimuthal plane, since every element has a limited field of sight - not more

than 10*. NPhber of rings in each receiver determines the resolving power with

respect tu ele.-ation.

The range of the indicator of

.- 9aW~~mu, approach in the horizontal plane is equal

to 16 kin, and in the vertical it makes it

possible to determine entry of approaching

aircraft into the 240-meter zone from

above or from beneath aircraft.

The entire set of eouipment. which

Fig. VII.17. Instaation of includes receivers of infrared radiation,
radiation receivers on aircraft.
KEY: (a) Upper dam; (b) Lower amplifier, c€mutator:, sweep generator,
dome.

computer and indicator, weighs 13.5

kilograms.



Successive examination of spe. iv the aslzmuthal plant is ;arried out by series

connection of the photoresistor to the computer and the indicanor instr~ment.

Distance to revealed aircraft in determined by the method of triangulation

by the known base between the two receivers and by the angles of sighting of aircraft

from each receiver.

Sensitivity of the equipment is determined by noise level when switching on

photorisistors, by the cammunator equal to 10 miorovolts, and by the losses in

optics. Errors in distance measurement, caused by deformation of wings in flight,

change of pitch angle and yaw of aircraft, reach 4% for mall aircraft and 10% for

large.

6. !Ris

With the help of infrared instruments it is possible, by simple means, to

carry out reliably the guiding of objects on the sea and in the air along given

routes.

Most simply resolved in the question of navigation by double infrared beacons

(maintaining place in formation, leading ships through mine fields and harbor

channels). For that it is practically necessary to have on ships electron-opticai

instruaents of observation and, fixed in corrempnding places, signal infrared

sources. 7or laying a course on the high sea it is sufficient to have optical or

photoelectric sextants with manual or autotracking of stars.

In conditiots of high-altitude and high-speed aviation the problem of dead

recknnina at present has become the most upent. Methods of air . .viigation applied

earlier in conditions of high-epeed and high-altitude flight lead to large errors.

Methods of radio navigation also do cot ensure high accuracy of air navigation.

Therefore, considerable attention is allotted methods of astronavigation, allowing

us comparatively exactly to carry out flights of piloted and pilotless aircraft.

This problem becomes most urpent in connection with growth of flight altitude*,



Since SL great heights celesiial bodies are practically the only veaj. reference

points. In this case manual tracking of stars are insufficient. Application of

automatic devices La necessary tracking celestial bodies a&M continuously ,IvIZM

out coordinates of stars with minimum expenditure of time.

One of such autoatic devices is the atrocompssU, the MD-1 [121.

From the fundatal diagram of this instriment (Pig. TI!.18) it is clear that

the basic elemnts of a Photoelectric automatic aetrocoapass are: sensitive element

4, perceiving radiation of celestial body,, gyro-stabilized platform 7 for stabili-

zation of sensitive element in the plane of the true horizon; device for isolating

signal from star; generator of error signal 9, 10; and servomotors for influence

on gym-stabilized platform 8, 12.

As sensitive elements we can use: photocell, enlarger, and iconoscope, which

are placed ir the focus of objective L. Between the sensitive element and objective

is placed modulator 3.

- The optical elements must meet very

high requirements since it is important

to obtain a good image in the whole range

o ~of waves (frcm blue to infrared) radiated

6~ bry the stars. Also necessary is a two-

objective xytem to guarantee a wide

survey region (wide-angle objective) and

high accuracy of tracking stars (long-f'rcal

objective with~ possibly a narrow field of

eight).

Por stabilizatilýn of the position of
Fig. 1'1. " n ... ran
of astrocompass f-I. the photoelectric transducer and the

noulator relative to the true horis"-

(true vertical) they are established on

the gyro-stabilized platform.



The sensitive elment produce& a signal when the celestial body is in the field

of sight of the receiving head. This signal &Aw us to obtain necessary data

for determining direction , o star and magnitude of error with respect to data pro-

ceeding from the computer.

Modulators, executing simultaneously the role of coordinator, can be mechanical,

optical, or electronic devices.

Mechanical modulator (a disk Ath grooves) is applied in systms with an

enlarger or single photoresistor. Speed of disk rotation is synchronised by signals

proceeding from generator of support signals 5 revolving with t ie help of the same

motor. Comparison of signals of photoelectric transducer 6 and support allow ue

to obtain data relative to the instantaneous position of a star. Appearing as a

result of comparison, error voltage 9, 10 affects directly the gyro-stabilizing

device until radiation from the star gets into the center of the field of sight

of the photosensitive system. At this instant feedback signal leads to zero

position the generators of error signal 11, 15 with respect to a•intuth and elevation.

The magnitude of the voltage of the feedback signal is proportional to the relative

bearing of I he star and may be easily converted into a signal proportional to the

error between measured and true position of the star.

With the eptical method of modulation several photoreeistors are applied,

which are located around the center of the field of eight.

If data from a tracking device coincide with data of computer 13, 14,radiant

flux from the star gets into the center of the field of sight and the error signal

is not produced. At the appearance of error, radiant flux gets on one nf the

photoresistors, as a result of which error signal appears, which then is compared

S...co..pu.*r data a-d af••ec• the gyrostabilizer.

The great merit of the optical modulator is the absence of mobile parts; the

direction of error is determined by Ahich the photoresistors gets radiant flux.



-T &

A tfpe of optical method is the electron modulator, applied '4th the iconoscope,

a mcsaic of which is divided into four sectors, and fo- determination of direction

to star magnetic yokee are used.
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C H A P T E R VIII

INTEllIGENCE WITH THE HELP OF INFRARED RAYS

For the purpose of increasing the interval of time necessary for intelligenco,

increasing its quality, operational nature and continuity considerable attention

is allotted to the improvement of instruments and methods of intelligence with the

help of infrared rays.

There are developed instruments of night vision, television systems of

heightened sensitivity, aerial cameras for photographing either on special

infrachromatic ftim or by means of converting an invisible irage to visib.Le with

su'sequent photographing on the usual photographic film, instruments for making a

thermal map of the site, and passive radar.

In spite of the fact that the effectiveness of these instruments, to a great

-r * depends on meteorological conditions, interest toward it continuously in-

creases, since these instruments allow us:

to obtain an image of observed objects at night because of their temperature

contrast with the surrounding background;

to obtain an image of remote objects through air haze, when application of

visible rays for these targets becomes little effective or even impossible;

to reveal objects, masked from detection in the visible and radar regions of

the electromagnetic spectrum.



1. PhotpxrahWin on Infrachrvmatic Films

Silver halide photographic - ji if, - are sensitive to blue-violet rays. In

order to make them sensitive to other rays of longer wave length, it is necessary

to introduce into the imlsion certain dyes, i.e., to produce optical sensitisation

of photographic materil.

In the infrared region of the spectrum, for theme purposes, we use dyes created

on the basis of cyanogen: cryptocyanine, neocyanine, and others. ;olored by these

dyes, emulsions are called Lifrachromatic and differ in the wave lengths of infrared

radiation to which they are sensitive. At present, infrachromatic materials with

a "red" boundary of sensitivity to 1.36 M find application.

a i

Fig. VIII.l. Spectral sensitivity of infrachrostic
films "Igfa".

KEY? (a) Relative sensitivity; (b) Wave length, mu.

In examinin c'rves of spectral sensitivity of tnfraehrosatic emulsions (Pig.

VIII.1 and VIII.2), there can be made one conclusion, very important ior practice,

that with increase in mad.3 wave length of sensitization there occurs a constant

and sharp drop of integral sensitivity of *botomaterial in the infrared region of

the sepctriul, This drop of sensitivity is possible to characterize gra;•ically by



the curve in Fig. VIII.3.

With growth in maximm wave length of senmstisaticn, the guarantee period for

preservation of the film also decreases. This is caused by the fact that during

storage of infrachromatic material there occurs a fast drop in its light sensitivity

with a simultaneous growth of veil. The greater the sensitivity decrease, the

longer the wave length of sensitization.

Partial increase in stability of

I • • # infrachromatic material. may be attained

- -• by storage of them in hermetic packing

in refrigerators.

The above-considered peculiaritties

on, of infrachrumatic materials (drop of

J W AV IN- W W M MW integral sensitivity and impairment of
(6) A#&#& lausw aa•,

Pig. YIII.2. Spectral sensitivity stability of infrachrmatic materials
of native infrachrmatic film
"Infra" and aerial film of "Eastman- sensitized in a region of the spectrue
Kodak" (The United States).
Ka: (a) Logarithm of sensitivity; of longer wave lengths) predetezodne
(b) Wave length, mg; (c) Kodak.

application in practice of the more

sensitive emulsions sensitized to radiation

in a wave range of O. 76-0.85 u.
31

- - Infrachromatic materials with a

0 W MM boundary of sensitivity of a longer wave

length, as a rule, are applied only in
Fig. VIII.3. Drop in sensitivity
of infrachr•matic materials with scientific surveys, where large exposures
change in wave length of maximia
seneitization. are- a-low--, nd' thr preoparation of
KEY: (a) Relative spectral
senmitivit7; (b) Wave length of emulsion is produced directly before its
maximm, sensitization a o.

application. There is another obstacle

to wide application of photographic ftulsions sensitized to infrared rays of a

longer wave length: radiation of bodies heated to roo temperature, will



I

noticeably affect an emulsion aene1tired t - 2 , causing It foggi It
is natural that work with such materials will be strongly hampered, if not quite
impossible.

Por photographing in infrared rays,

in 1955-1957 special photographic cameras

[i, 2] were created with long-focal

objectives. Thus, for photographing in

ground conditions in the United States,Fig. VIII.4. American camera a camera was developed with an objectivefor Photographlng in infraredrays. 
having a focal length of 254 cm and re-

lative hole 1:12.5 (Fig. VIII.4).Dimensions of frame are 12.7 X 17.8 cm. Shutter has 10 speeds of rperations with
minimum expoure 1/200 sec. The camera is designed for photographing objecto at
distances up to 50 kin and makes it possible to decipher on a photograph a 3ingle
motor vehicle! photographed from a uistance of 10 km.

An even longer focus objective (17 m) was applied in a German camera du'ing
the Second World War, with the help of which was pr--duced photographing of the
JWnlish sea coast across the English Channel from a distance of 33 km in conditions

of strortg haze.

Fig. VIII.5. Mountain view, taken from a distance of60 km in infrared A and light B revs.

With the help of similar cameras it becomes possible to produce a survey of
remote objects, hidden by air haze from observation in visible rays (Fig. VITI.5),



to carry out a ourvey of aerolandscapes, whose li~ght-tranwission will differ from

light-tranumission during photographing in visible rays (Pig. VIIT.6). Purthermore,

It is possible to determine the presence of targets and their character, to watch

"for changes in camouflage of the enemy, in the ystt of organisation of defense

and fire, to facilitate target designation and orientation of our own artillery,

and also to improve camouflage cf our own troops.

Certain authors [3, 4] note that with the help of infrachrmatic materials it

is possible to obtain photographs with more contrastive isolation of objects on the

site than during photographing on panchr'omatic materials, because of different

light-transmission of dark and light places. furthermore, as a merit of infrared

aerial photography is the poasibility of photographing sites through breaks in

overcast, since in this case the effect of concealment of objects by cloud shadow

sharply decreases as compared to photographing on panchromatic film.

j The process of light-transuission of

' the image of observed objects is noticeably

affected by spectral composition of light

reflected by the object, spectral sensi-

tivity of the receivin device, and

spectral attenuation factor of radiant

, flux in atmosphere. Other conditions of

Fig. VIII.6. Aerolandscape of observation being equal (the same object,
forest ir yellow-red (on the identical transparency of atmosphere, the
left) and infrared (on the
right) rays:
1-pine (old trees); 2-pine sme distance to sered object and the
f trs) -3-pine andleafy trees; -teu ; 5--teuga sme source of its illumination), the

and leafty trees; 6--leafy trees. light-t'anmission of the image will de-

pend on actinim of radiant flux A , reflected by the object,

we . c senitiit (oe n.gv)

where V• is spectral sensitivity of receiving device;



rI is spectral density of rerlected radiation;

N is spectral transmissivity of atmosphere.

Tn Fig, VITI.? are given curves of spectral sensitivity of the eye 1 and of a

cesium oxide photocathode 2, spectral distribution of ene.• of sunlight 3 taking

into account transparency of atmosphere. An a result of multiplication of corre-

sponding ordinates of curves we will obtain curves of actinism of radiant flux

for the eye and a cesium oxide photocathode depending upon the wave length of

optical radiation (without calculation of selectivity of reflection of object).

From comparison of curves a and b i"

Pig. VIII.7 it follows that for the eye,

radiation with wave length in the range

"4 •of 0.54-O.58A will be reflected the

-- ---- " brightest and for a cesium cxide photo-

a a • 7 to U 4 U cathode (curve b) maxim= brightness for

W i - - -reflected radiations will correspond to

I __

-- - - a wave length of 0.78-0.86 u. It is

"-• - •ossible to show that a similar character

- - of distribution of image brightness will

- \ _• _ -be obtained also when using infrachromatic

it a s t LM photographic material.

Fig. VIII.?. Distortion of The effect of distortion of light-
light-tranmsission of image
during observation in different transmission durin6 pnotographing on
sections cf the spectrum.
KFY: (a) Relative units. infrachromatic materiAls d•_-n •i _ltaneous

photographing of effect of air haze (veil

on photographic material) may be used wv th suc -ess to increase the effectiveness

of aerial photoreconnaissance by day and facilitate deciphering of obtained photo-

praphs.



Mhe lo sensitivity of infrachromat ic

materials, which is their deficiency, may

position of hostile searchlight instal-

lations and artillery batteries. For that,
Fig. 17III.8. Image of a shooting

batter7, obtained by the method of at night, when the shutter is open cameras
combined photograph on infrachromatic
film. photograph, for instance, flashes fr=m

shots of cannons. The weak night light

does not affect infrachm eatic film, and on it is obtained only a latent ifAge from

the flashes. By day, during constant position of cameras, they photograph the

site. As a result there is obtained a photograph (Fig. VII1.8), on the background

of whose site is clearly determined the direction to artillery positions [5].

Carrying out simil-r photographs from 2-3 positions and knoving azimuthal

angles of camera installations, one can determine even the position of the actual

batteries.

2. PhotosmrhA with the _Help of EMoctron-Ctica Converters

As already was noted in I, application of infrachromatic smulsions encounters

difficulties: their ver7 low integral sensitivity and bad stability in time. In

order to avoid this, it in necessary preliminarily to convert the invisible infrared

image to visible and to photograph the latter on the usual, comparatively stable,

and highly sensitive photographic emulsions. Conversion of an invisible Infrared

image to visible may bm carried out with help of an image converter, rw' ordtng

evaporimeter, and phosphorescent materials sensitive to infrared rays.

The fundamental plan of photographing in infrared ra"' with the application

of an image converter is shown in Fig. WII.9.

Radiant flux 1, reflected from photographed object, passing throvgh Infrared

filter 2, --s focused with the help of objective 3 on phot cathode of image converter



4. The visible image obtained on its screen, with the help of optical system 5, is

transfered to photographic film 6.

All the system, including the prr>-

jecting objective, the image converter,

and the system of transferring the visible

P*(J image to the photographic mmulsion, has

Fig. VIII.9. Pundamental obtained the name of electron-optical
diagram of camera with
image converter, objective.

Inclusion of an image converter as

an intermediate element worsens a n,.uber of parameters of the optical system of

-ne camera and, therefore, it is necess7r to take special measures for their

removal or partial compensation. This, in the first place, pertains to resolving

power and to the requirement for geometric similarity of the image to the photo-

graphed object.

The requirement for geometric similarity in the case of an electron-optical

objective is not fulfilled. This is connected with the fact. that for converters,

especially with a flat photocathode, there is, as a rule, distortion, i.e.,

inconstancy of linear magnification of sections as the distance increases from the

center to the edges. For its removal special correction of the projecting and

photographic objectives is necessary for the purpose of obtaining in them dis-

tortion of the reverse sign.

Resolving power of electron-optical objectives, as a rule, is loss thanm for

the usual objectives, because of low reso ing power of the image converter,

Therefor,, it is necessary to increase artificially the resolving power of con-

verters and to design objectives with more uniform resolving power with respect to

field of sight.

Most effective are the following ye of increasing resolving power of con-

verters:



a. application of combined focusing of electro. i by the electrostatic and

magnetic fielis. By this method the firm of Miellard (&Wland) managed to develop

the NE-1201 image converter for photographleg in infrared rays with a resolving

power all over the field of sight, equal to 20 lines/-- [6);

b. significant increase of'r.-.c, n- voltage on electrodes of the converter.

During constantly applied voltage to electrodes, breakdown between cathode and

other electrodes is prevented. Purthermore, during large u;ply voltage the

appearance of fatigue of luninophor and breakdown of the converter on the whole

is possible.

All this it is possible to avoid, if instead of constantly applied voltage

there are passed to electrodes pulses of high tension. As shown by investigation

[7], during supply to electrodes of square pulses of voltage 1-10 microseconds in

duration breakdown potential can be increased 5-7 times, since in this came polse

duration is comparable with time necessary for development of breakdown. Transition

to pu2se feed of converters permits an increase in gradient of field for photo-

cathode from 4.5 to 30 ky/cm and, consequently, a significant increase in resolving

power c' converter. Furthemore, with such feed it is pobsible to increase also

the brightness of the image on the screen without danger of its burning out or

irreversible fatigue.

In the electron-optical objective,

due to application of converter allowing

amplification of brightness of immge, it

is possible to Increase candle-power

significantly as compared to the usual

lens objective. This allows us to obtain

in the focal plane (on film) sufficient

Fig. .flandscape, illuminance for photographing with a aoll

obtained with the help r an
electron-optical camera. e time.



Indirectly, canrld-powr of an electron-optica. objective can be increased by

corresponding selection of spectral radiation of liimiphor of converter screen

and spectral sensitivity of' photograihic film.

The essential advantage of this method of photographing is the possibility of

its application during low levels of lluminance, when the usual and infrachromatic

photomaterials become inerfective, and, furthermore, this method allows application

of ordinary highly sensitive and stable photomaterials.

As an illustration, in Fig. VIII.lO is a photograph taker in the pretwilight

hours with the help of an image converter.

3. Evaporation Recordjin

The above-considered methods of photographing in infrared rays allow photo-

graphing either by reflected radiation or by intrinsic, if the temperature of the

surface or the object is higher than 250-300C. This is connected with the fact

that the considered method5 use camparatively short-wave infrared radiation with

wave length not more than 1.2 u.

In the method of evaporation recording, suggested by the German physicist

Tacherny, long-wave radiation of bodies having low surface temperatures is used.

The essence of the method of evaporation recording consists of the following

(rig VIz.1).

5 In vessel I with entrance window 2,

tra•nsperent for infrared rays, and output

window 3, thin mica film 4 is established.

The side of the film, turned to objective

Fig. VIII.11. Fundamental 5, is covered by p aý nurn Dr soot
daur"m of e.v,_por••n
recording. l.)r beat absorption of infrared rar .

Prom the opposite side of the film there

is precipitated by evaporation a film of some kind of viscous liquid (for instance,

camphor oil). Thickness of the layer of oil is selected so that, because of



interference of light, minima -eflection of radiant flux from outside source of

lIght 6 would be ensured.

Tf on the blackened surface of the film the inmage of the photographeJd object

is projected, then in places where the intemsity of infrared rays is greater, the

filr will be heated, which will lead to pertial evaporation and spreading of oil

to places which are colder. Interference of reflected rays from source 6 will not

completely extinguish visible -ays, and on the film will appear an interference

image corresponding to the cistribution of temperatures on the surface of the object.

This is possible to observe either visually or to photograph through output window

of the evarrrt• .

For the purpose of removing the effect of external temperature on the volatility

'of the condensed layer of oil a mica film is placed In vacuum, but the body of the

receiving part of the instrument is made from good thermo-insulationa.1 material.

Since conversion of radiant energy into heat, utilimed in this method, ii the

least profitable method of detecting radiation energy, then it 1. impossible to

expect from it great sensitivity, just as resolvin power. Furthermore, for the

heating of the film and the evaporation of the layer of liquid certain time is

required, an a consequence of which such instruaents possess noticeable time--F'-.

in order to rOstograph a&notr object it is necessary to wait a definite time for

the condensation of a new, layer of camphor oil on the film.

In spite of noted deficiencies inherent in this method, such instruments find

application in military technlogy since they allow us, in principle, to solve

the question of vision in darkness because of the intrinsic emission of targets.

An an exumple we will consider the night vision equipment "Eva," developed by

Baird Associates (The United States) in 1956 and taken ýnto service by the Air Force

:La 195? re, q, 10.



The "Eva" instrument (FiF. VIII.12a)

make$ it possible, in full darkness, to

distinguish the outline of an object with

a surface temperature differing from the1'ig. VIII. 12a. General
form of the "Eva" instrument. temperature of the surrounding background

and to identify it by the nonuniform

distribution of temperatures of its separate points. Sensitivity of the instrument

is 0.1*C,. It can record a change in temperature of bodies in a range from several

units to several thousand degrees.

The instrument (Fig. VIII.12b) consists of five main centers, long-focal

mirror objective I, vacuu chamber I1, optical tube for observation III, camera IV,

and illuninator V.

The objective (2$ - 50; A - 1:2.5; f - 20 cm) includes two mirrors - spherical

1 and refracting 2, are a lattice neutral fiIter 3 for the ueakening of radiant

flux frm powerful sources of radiation, and a flap on the entrance of objective

4 for covering access of radiant flux while restoring instrument for repeated

observation.

Sensitive element 7, located in focus

of mirror 1, constitutes a thin film from

r AL
nitrocellulose, covered from one side by

platinum black and from the other by aI U

97 f film of camphor oil. The filmi is p) -ted

a in hersetic vessel 5, from which,

periodically, is pumped air. Fntrance

Fig. VIII.12b. Optical diagrLa window 6 is prepared from crystal of rock
of the "Eva".

salt, covered by film of % inyl varnish.

The,"'- wall of the chamber is prepared from glass passing onil visible light and

cutting Infrared radiation.



Optical sight III is designed for visual observation of interference picture

and consists of long-focal objective 13 which is sinultaneously the objective of

smll-sise camera 15, semitransparent mirror 14 and eyspiece 16. SemitranspaLrent

mirror rejects 50% of the visible radiation to the photographic film and 50% passes

in the direction of the observer.

Ill•minator V consists of tunfuten incandescent lamp 8, filter 17 cutting all

infrared radiation of the tube, mirror-reflector 9, and condenser 10. On the path

of the parallel beam of light, after the condenser, semitransparent plate 11 is

disposed with a reflection coefficient of 50%. Light passing through this plate

and the output window of the camera gets on the semitive film. Being reflected

from it, the light, by means of the semitransparent plate and mirror 12, is rejected

to the objective of the telescope and camera.

•After observation ceases, the flap

of the objective is closed; tube 18 turns

on, the radiation of which, by means of

Fig. VIII.13. Image of a mtor reflective mirror 2, gets on the
vehicle, an aircraft, and a man,
obtained with the help of the blackened surface of the sensitive film,
"Eva" in darkness.

evenly heating it and erasing thereby the

oil film.

Control for erasing of film and subsequent precipitation on it of oil is

carried out visually through a telescope by change of color of the oil film in the

reflected rays from yellow (oil is absent) to greenish-yellow (thickness of oil

film corresponds to operational value).

In literature it is indicated that with the help of the "Eva" one can photograph

in full darkness a man at a distance of 180 m and a building at a distance of 1,800 a

The principle of transforming thermal energ into visible radiation which can

be observed either visually or photographed is as•mied also in the basis of work of



another semiconductor converter of a similar type, recently develops: in Wland

(ill.

The operating principle of the imtrtment (%ig. VIII.14) is based on the use

of the dependency of the absorption of light falling on a semiconductor on its

temperature. If the ftlm of a semiconductor is examined in monochromatic light

passing through it, which has a wave length close to threshold, then the least change

in temperature of separate sections of the film causes a corresponding change in

their transparency.

Infrared rays being reflected from

oe parabolic mirror 1 and passing inside

vacuum chamber through the entrance window

of rock salt 2, get on semiconductor

sensitive film 3. The film consists of

of chrome sublayer and a layer of amor-

Fig. VIII. 1. Semiconductor image phous selenium 1 M thick turned in the
converter*
1-parabolic mirror; 2--window from direction of the mirror objective. A
rock salt; 3--f:m of selenium and
chromium; 4-mirror; 5-sodium tube. peculiarity of such film is the fact that

it absorbs infrared rays well when they

fall from the selenium side and absorbs them badly when they fall from the

chromium side.

The image of the object, or more exact - the distribution of intensity of

infrared radiation of different parts of the object, is examined in the light of

the sodium tube.

Sensitivity of the instrument is limited by the ability of the eye or photo-

graphic film to .Str.rJish the slightest contrasts. In the first sample it

comparatively low, since it made it possible to photograph objects whcae surface

temperatures differed by 15*C from the temperature of the surrounding background

during an exposure time of 2 sec. Time lag of the instrument is 0.5 sec. Resolving

power of the instrument, limited by quality of mirror, camera window, and film,



constitutes 4 lines/rn.

Vacuu in the chamber with sensitive ftil is supported with the help of a

getter and constitutes lO1 M Hg•.

4. Instrsenta of Intelllience in the
!Tear-wave Part of the Infrared

Spectrum

For detection of special sources of infrared radiation can be applied any

instruments possessing sensitivity to near-wave infr-red radiation (to 2 mi) - a

metascope with phosphorus as a sertsitive element, monocles or binoculars with ;r'::-

converters, and also special detectors with photoresistors or photodiodes. Since

such instruments do not require high resolving power and great sensitivity, they

can be m=de by simple construction, with small scales and dimensions.

In metascopes is used the phenomenon of "extinguishing" or "stimulating," by

infrared rays, the phosphorescence of phosphorus, preliminarily excited by a-radi-

ation or ultraviolet light.

An example of such insttnuents is the metascope UI/P (The United States),

developed during the Second World War, and the metascope CM.T (Prance), developed

in the postwar period. Free-space range for metascopes of sources of infrared

-adiation of average power constitutes several kilometers.

In spite of the swall dimensions and the absence of special sources of supply

for metascopes, the low resolving power limits their application, in consequence

of which they have been replaced by more advanced instruments with image converters.

The above-considered instrtments were designed for observation of infrared

sources of radiation, the results of which have made it possible to obtain an idea

about the location of the eneh, the character and directions of shipsents. limitingr

points of the enem, and, partially, about the character of infrared means applied

by the enesy. However, significantly more valuable data can be obtained by

reconnaissance if one carr 'es out observation of the situation at a site and not



separate sources of infrared radiation. For these purposes there can be used only

instr-ments with candle-power optics and with high-quality lame converters with

irradiation of the site by searchlights covered with infrared filters, or obserratiol,

in conditions of natural illuminance.

At the end of the Second World War in the ground troops of the United States

an instrument of close reconnaissance on infrared rays found application - the

,,.or~o •"'(Fig. V•II.-15).

The r is an electron-

optical inistrumient of observation 1,

mounted jointly with wnall-size infrared

searchlight 2. Power is supplied to

instrument and searchlight fron a special

Fig. VIII.15. The "-nonperA,-co)e" storage battery carriedsby the soldier,
(The United States).

in shoulder bag 3 or in a bag across the arm.

A searchlight 100 mm in diameter with a 30 w electrical incandescent lamp

ensures axial Itminous intensity of 7-10 thrusand candles.

As an image converter in the observation instrument, at that time the 1-P-25

converter with supply voltage of 4000 v was widely used.

The radiant flux of the searchlight, reflected from objects on the site and

hitting the objective of the observation instrument after conversion, creates on

the screen of the instrument az image ahead of the horizontal site. Range of the

instrument is 150 m.

In 1955 there appeared a report about the development of an instrument allowing

observation at nixht at a distan_ e up to 3600 - r(131

As an irradiating installation in it there is applied a 60-ca searchlight

with a 1500 w X 9 v electrical incandescent lamp covered by an infrared filter

with axial luminous intensity of 5 million candles.



The electron-optical instmaent of

observatijn with 6 X magnification is foe

from a special high-voltage unit develoiing

voltage of 20,000 v. The instrument of

observation is synchronously connected

with one or with several searchlights,

which ensures the turn of the searchlights

Fig. VIII.16. American instrument in the direction of observation (Pig.
for observation in darkness.

VIII.16).

Comparing characteristics of the two considered instruents of observations

in infrared rays, it is possible to note that increase of visual range by 24 times

led to an increase in power consrued by the searchlight, 50 times, and luminous

intensity - 500 times Therefore, a significant increase in the range of electron-

optical instruments working in a set with irradiator installations should not be

expected. These instruments will ramin short range instruments for observation

of a site directly adjoining the observer. Purthermore, such instraments, in

principle, cannot ensure concealment of their use, since the ene, armed with

corresponding equipment, can always establish not only that a searchlight is

operating, but also determine its position. In particular, with this goal in mind,

there was created an instrment, the IRI-03 [1k], to warn if soldiers were being

Irradiated by infrared rays (Fig. VIII.17).

The IRI-03 consists of a photo-

'4 ' generator of beats of an audio-frequency

and a dynamic telephone *tich insuros

sonic signalling of irradiation.

The photogenerator of beats uses

semiconductors and includes generator of

Fig. VIT•.17. The IRT-03 constant frequency f, sweep generator f2
instrument.
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with control photoresistor and mixer stage, producing frequency -f beats fs, to which

the telephone reacts directly.

In the absence of irradiation of the photoresistor, frequencies of oscillations

of the generators are equal to (fl - f2 ). During irradiation of the photoreeiitor

by infrared rays, frequency f2 changcs •-oportionally to the intensity of irradiation,

a a result of which after the mixer there appears & difference frequency audible

in the telephone.

Both generators, the mixer, and the power supply are mounted in a plastic body

11 X 6.5 X 2 cm, weighing 200 g, which may be euspended on a button of a uniform.

A dynamic telephone with constant magnet is united with the instrument by a cable

and may be secured near the soldier's ear.

Power is supplied to the instrument by miniature batteries on 1.5 and 22.5 v,

designed for 50 hours of constant work.

The photorevistor is sensitive in a wave range of 0.6-2.3 u, and its construction

ensures an angle of sight of the instrument near 1400. By increasing the frequency

of the difference tone one can determine the direction to the source of infrared

radiation with a precision of + 50.

By the height of the produced tone, it is possible tentatively to judge also

as to whether the soldier is in a dangerous zone or in a sone of preliminary

warning. Thus, if the soldier is in a zone of preliminary warning (within limits

of 1-3 fold range of the observation instrument) the indicator produces a tone of

low frequency at 200-2000 cpe. When in a dangerous zone (range of the instrument

of observation) the frequency of the tone is increased to 2,000-10,000 cps (grow.

as it nears the instnuent of observation).

The IRI-03 has inddisputable advantage over metascopes since the eye and hands

of a soldier always remain free and, furthermore, with the help ol the instrument,

one can estimate, qualitatively, the direction to the irradiator and the distance

to it (effect of proximity of irradiator).



Metascopes and instruments of the "Snoopsrscope" type do not allow observation

without preliminary bias lighting of targets. Maturallyrthe question appears about

creating equipment allowing the observation of targets because of their irradiance

by the night sky.

At night the basic sources creating on thv surface of earth a definite level

of illusinance are the woon, the stars, and spce fIlled with billions of stare

invisible to the eye, but sendin to earth a significantly larger efleW content

of r~diation than all the stars visible to tha eye. In niht sky radiation a

noticeable role is played by radiation in the infrared part of the spectrim,

expecially with a wave length of 1.03 ,. In the presence of overcase, irradiance

of ground objects sharply decrease* due to scattering and absorption of radiation

energy in the thickness of the clouds.

Dependency of ilhminance of ground cover after termination of astronomical

twilight (Sun is beyond the horizon more than 18V) on state of the overcast for

average latitudes is shomn in Fig. VIII.18 [15)].

The given curves show that during clear weather and full moon, when on the

site it is possible more or less to be oriented, il•iniance of terrestrial cover

constitutes a magnitude of the order of tenth fractions of lux. In the absence of

the soon, illuminance sharply drops, attaining values of the order of 10"•3-lo-4 lux.

With such conditions, not only from the air, but also on earth from comparatively

close distances, one cannot detect objects visually.

A. A. Cershun (16] presents averaged nnmerical values of levels of natural

night illmminance:

In full moon during clear sky 0.2 lux;

on moonless clear night 0.001-0.002 lux;

on moonless night during overcast of average density 0.0005-0.001 lux;

on moonless night during overcait 0.0002 lux.



Such illuminance of objects with

Sk i coefficient of diffuse reflection p- 0.4

v will create visible brightness within

____ limits of 0.025.lQ-4-ri.O0025.l0-4 stilb

(0.025-0.000025 nit).Isto

1- It is established [17) that on a

dark night the threshold of light signals

"UW MWO ONOM CCWi P1 VWnW CJWFVWA for the eyea has the following values:

Pig. VI:I.lB. Night irradiance by spot, Bn* (0.9-1) 10-
of earth's surface:
1-clear, full moon; 2-average by point, F. - 1.10-7- lux.
overcast, full moon; 3-clear,
no moon; 4-average overcast, no The given values of threshold
moon; 5-strong overcast, no mon.
KEY: (a) Illuminance in foot- magnitudes are obtained when conducting
candles (foot-candle = 10.764 lux);
(b) Hours after termination of special experiments and, therefore, can
astronomical twilight.

significantly differ during observation

in real conditions, when physical and peycho-physiological factors, unaccounted for

during the experiment, will have an effect. Depending upon this, the real threshold

of brightness can differ from that given by 20-50 times to the larger side, i.e.,

Bn ^- (2-5) 10-3 nit.

From the above-stated it follows that in real conditions, during visual

observation of gromd objects at night, their own brightness is insufficient for

their detection; an exception will be observation in full moon during clear sky, if

one considers that for Identification of objects it is necessary to work, not at the

threshold value of brightness, but at a significantly larger value.

In this conmection it is necessary to note one more dependency, namely, the

dependeracy of the resolving power of the eye on the brightness of observed objects

(Table VIII.I).

*Russian subscript Mn" indicates "threshold."-Ed.



Table VII.!. Dependency of the Angle of Resolution of the
Eye on Brightness of the Object.

Brightness, Angle of r- Brightness* Angle of resolution,
tn. , solution, nit. minutes

3.142.. o- 50 1.57 2

,.57-10-3 30 3.142 1.5

3.142.10- 3  17 15.7 1.2

1.57.10-2 11 31.42 0.9

3.142.10-2 9 314.2 0.8

0.157 4 1570 0.7

0.3142 3 3142 0.7

The resolving power of the eye, as also its ability to perceive threshold

values of brightness or illuminance on the pupil, essentially depends on the

conditions of observation and, therefore, can differ from experimental data by

5-10 times.

Thus, , execution of night reconnaisance it is necessary to increase

brightness of image of observed objects with a simultaneous decreae of resolution

angle.

Optical instruments cannot do this since6 (perceived by the eye) image brightness

of an object observed in an optical instruent is always lees than intrinsic

brightness of the actual object, due to losses in optics, and may be calculated by

the formula

- .. a s).o , ( V T I .2 )

where Bo is brightness of the object;

d is e9epioce of the instrument;

do is pupil of eye adapted to darkness (do Z d);

., JIs optical transmission of the instrument ('o.n< 1).



When applying electron-optical instruments for L_•telligence purposes, it

becomes porsiblA to increase brightness of image of observed objects at night so

much that they will be easily deciphered by observer. As already was noted Ln

Chapter VI, application of stage converters allows us significantly (100-1000 times)

to strengthen brightness of image and to make possible observation of site at night,

when objects are not examined by the eye. According to literature [18), multistage

image converters allow us to obero-n during optimum conditions an amplification

factor with respect to brightness of I - 105. Such amplification of brightness

gives the possiility of creating electron-optical instruments of intelligence

during natural night illMuinance 1O-3.-10-4 lux.

5. Television Systems of Heiahtened Sensitivity

Instruments considered in Section 4 are instruments of direct observation of

site and require presence of a special observer, who only after a certain time can

transmii to comnand the subjective results of hiL observations. However, it is

desirable to obta:mi information during all the time of observation directly at the

couunand post.

With this goal, more and more being introduced are methods of television

inUlligence by day, in twilight, and night time.

Introduction of night television intelligence is connected with the necessity

of creating special highly sensitive transiittin. tubes, able to produce sufficient

sip A.l during snall or very insignificant illuminance on photocathode.

Published data indicates that the present, usual television tubes can normally

work di'ring illitnance on the photocathode of the order of unity and tenth

fractions of lux. In Table VIIi.2, according to (201, vaj,-s tre given of necessary
illtumnar¢e o_ -objects Ec and th6 op-Imi values of the relative hole of objectives

A of cortmporary transmitting tubes. In the same place are given computed values

of illuminance of object and photocathode E1 when using an objective with relative

hole A - 1:2.



Table VIII.2. Illuminance of Site, Necessary fo- Normal Work
cf Television Tubes.

lype of Tube N.E. s.& Lux r#. Luc

LUX A A- 1:2 A - 1:2

Supericonoscope 3000 1'3.5 1000 25

Crthicon 1400 1:6.3 140 3.5

Image orthicon LI-i? 100 1:4.5 20.8 0.5

Imge orthicon Li-201 330 1:4.5 62.5 1.5

Vidicon 330 i:2 330 10

Illwa.irAnce Es is calculated by the formula

Et - -+- Po,,&,,atA'*E, (VIII.3)

where Ee is lluminance on photocathode;

Lee is illuinnance on object;

pee is reflectivity of surface of object;

v, is transmission of objective;

IT rU is tranmission of atmosphere.

As can be seen frc the table, e*vn such ve-y sensitive tubes as image orthicons

do not allow observation either at night or in twilight. Therefore, for the

creation of night reconnaissance television ystems it in necessary to increase

sensitivity of the traniitting tubes.

Sensitivity of any transmitting television tube is limited by the noises

appearing in the process of converting light into photocurrent, the noises of

c-Entating electron be=, and the noises of the preamplifier. The last two

sources of noises prodminatte.o.e -tl, it Lu pt .i&tbl.e to prodce

amplification of photocurrent until electron beam produces commutation of charge

accumnilated on the target.
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Such umplification of photocurrent

may be performed by three methods:

by secondary electron amplification

of photocurrent;

by induced conductivity;

by light amplification of the image
Fig. VIII.19. Diagram of the
construction of an ibicon tube. on the principle of electron-optical

conversion.

The last two methods have been used, which, judgin by the available data in

literature, brought reassuring results.

In Fig. VII1.19 is depicted a diagram nf an ibicon tube using the phenomenon

of induced conductivity.

With respect to signal formation an ibicon signal hardly differs from a

vidicon, however, the addition of a section of transfer of electron image allows

repeated increase of current, creating potential relief on target, and, consequently,

sensitivity of tube.

In construction, an ibicon consists of three units: a section of transfer

of electron Amage with photocathode and accelerating electrodes I, a target II in

which is excited induced conductivity, and a section of commniuncation with electron

gun and system of electromagnets III. Intensive signal is removed directly from

the target and moves to the input tube of the video amplifier.

If in the vidicon luminous flux is used directly for a change of resistance

at separate points of the target, then in the ibicon it affects the photocathode,

emitting, due to this, photoelectrons. Photoelectrons, getting in the accelerating

field of the section of transfer, obtain high energy and strike against the semi-

conductor target. The target of the ibicon fulfills two functions - accumulation

of charge and precomnutation amplification of the photocurrent.
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It In possible to present scheimtically the target of the ibicon II in the

form of a thin plate of a emiconductor 2 (dielectric), confined between two

cc niducting films 1 and 3, to which is applied voltage. The front (turned toward

the ihotocathode) aluminum film 3, 0.2 M thick, freely conducts photoelectrons

accelerated by voltage of 20 kv and above to the layer of the semiconductor

(dielectric), which causes the appearance of current I1 (in the absence of

photoelectrons there is practicaly no current in the semiconductor).

Appearance of a current of photoelectroi in the seniconductor evokes the

appearance of induced current I. The ratio I1/ it is possible to eonsider as the

amplification factor of the tube with respect to current, causing a corresponding

light amplification of the Im4ge.

The loicon tuoe (according to (23]) has a sensitivity 200 time better than

the contemporary image orthicon. The tube makes it possible to obtain an bmage

with a clearness of no leos than 250 lines (operational surface of target 7 CA

during illuminance on the photocathode 3-.0"4 lux. The cesii oxide photocathode

of the tubw has & sensitivity of 40 microampre/lu and an acceleratinS valtege

in the section of transfer of electron Image eqaal to 30 kv, which ensures, at a

given level of illuminance, a photocurrent of the order of 10-I1 amp.

When using a cetimm antluande photocathode (24], the mindhn. level of

illtminance of the photocathode is lowered to l0'5-5-.r 6 lux, which allows

observation in tise dark period of the twenty'-tour hours, an a clear monless night.

Reassuring results were obtained also an & result of works with tubes of the

imag orthicon type. Ajustmont of Intarnal units of the image orthicon allowed

increase in their oenitivity of 50-50W times. Thum, in the VL-7198 tube (25],

intended for aircraft television equipmentp ony by increasing rigidity of Internal

construction could sensitivity and resolv power in oondittona of vibrations and

large accelerations be increased. This tube ensured the obtaining of an image with



clearness 250 lines during g-forces of , -, frequency of vibrations 50-500 cps, and

illuminance of photocathode 3,!0-3 lux.

Moving grid from target 3-4 mR also promoted lifting of sensitivity of image

orthicon due to the inaller influence of the potential of the grid on the potential

relief of the target.

Recently there have been introduced new multi-alkali photocathodes with a

sensitivity of 200 microaepere/lu and above instead of 70-90 microampere/lu for

biimuth silver. Such photocathodes will allow increase in sensitivity of image

orthicons, increase in stability of their paraeters, and longevity of operation

[15].

However, 'there exists another very effective way of sharply increasing sensi-

tivity of contemporary Image orthicons, which solves the problem of intelligence

at night with the help of television equipsent. This way consists in the pre-

liffiar'/ amplificatioa of image brightness with the help of stage electron-optical

amplifiiers of brightness [15]. A diagram of such a tube with one amplifier stage

of brightness is shown in Fig. VIII.20, and a general view - in Fig. VIII.21.

With the help of the objective, the image of the observed object is projected

on the photocatbode of the image converter, on whose screen is obtained an image

amplified in brightness. In the case of one-stage amplification, the glow of the

screen causes mission of electrons from the second photocathode, located on the

other side of the film of the screen and starting the usual section of transfer of

the image orthicon. During application of a two-stage amplifier, there occurs

intermediate amplification of Image brightness with the help of the first and

second luilnescent screens.

Sensitivity of such tubes depends on amplification of brightness in image

converters. During coordination of spectral characteristics of radiation of screens

and sensitivity of intermediate photocathodes, one stage ensm- s a current ampli-

fication of 10-20 times with am accelerating voltage of 10 kv; during two "tao

there can be obtained a 300-fold amplification.
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Quantity of amplifier stages of

A brightness is limited by decrease in

7 A -__ resolying power of instrment (especially

Italong the edge@ of ý.he fiela of nighit),
j 4, 8

determined by aberrations of the electron-

Fig. VITI.20 Diagram of image
orthicon 'ith one amplifier stage optical system and light scattering in

of brightness. film dividing the screens an intersediate
1-first photocathode; 2-forming
of electron image; 3-almminm
film; -- screen with phosphors Photocathodes, and also granularity of

5--thin diapIhragm from mica; 6--
second photocathode; 7-secondary screen. With optim selection of thickness
forming of electron 13546 creen- of film and granularity of screen re-
trap; 9-thin glass Urget; 10.-

elecron ay;ll--lecron un;12•ele n o solution in the center of the field ofelectron multiplier; 13--output of

video signl. sight can be obtained with one amplifer

stage at 600-650 lines, but with two-stages - at 450 lines. A developsent type of

such a tube, with a two-stage amplifier of brightness, made it possible to obtain

an image with cl.earness not less than lI0t lines during illuminance on photocathode

of 10-6 lux.

In Pig. V111.22 is shown the

dependency of the resolving power of

studio image orthicon I and image orthicon

with one amplifier stage 2 on the illT±-

rance on the photocathode. In the same
Pig. VIII.21. Image orthicon
w.ith one-stage amplification place there is given, theoretically
of brightness.

calculated by Morton, curve 3 for an

ideal instrument, in which there take place ouly fluctuations of photocurrent, and

the sensitivity of which is limited not by noises of the electron besm, but by

noisee of the photocurrent.

The considered works in the region of creating highly sensitive transmitting

television tubes allowed the developsnt of eqaipeent for carrying out recom aissance



on a moonless nrght (so-called "cat ey") [26, 27, 28], in which as a sensitive

element ti appi-ed ar. image orthicon with one amplifier stage of brightness. It

is noted that the sensitivity of the "cat eye" equipment is 1000 times higher than

the sensitivity of the usual television cameras with image orthicon.

Pig. VIII.22. Dependency of resolving power of
transmitting tubes on illuainance on the photo-
cathode.
KEY: (a) Resolving power (lines); (b) Illuminance
of photocathode, lu/foot (1 lu/foot2 = 1 foot-candle -

- 10.764 lux).

6. Instruments for NMakina a Thermal Map of a Site

As a rule, the methods of observation considered in preceding divisions use

comparatively shortwave infrared radiation. An exception is the method of evaporation

recording, in which for construction of an image practically all the radiation of

the heated body participates.

During heat recording, on which is based the development of equipment for

making thermal maps of sites, there is carried out the registration of all the

spectrum of radiation, whose region is limited only by transparency of atmosphere

and the optical elements of the recording instrument. However, application of

long-wave radiation during heat recording is, at the same time, a deficiency of

this method, sine. this radiation aiays accompanies the interferring scattered

radiation of surrounding bodies, of the receiver itself, and so forth. Thereforep

during heat recording, as during evaporation recordings, there will always be

recorded a difference of temperatures (thermal con.rast) between the observed object

and the bodies surrounding it (background), anal also between separate sections of

the surface of the observed object.



Instrments for observation based on the heat recording method in general

have to include: a receive- (thermelement, bolometer, or other indicator) placed

in the focus of the objective or spherical mirror with a small angle of ight, a

turning device for an element-by-elment examination of space, and a recording

device for recording radiation intensity of each element of the examined space,

and also a standard source of radiation for comparison of radiation intensity of

the separate parts of landscape and a device compensUti for radiation of the

background.

As an example of such systems it is possible to present the photographic

Beil telescope (29] and an instrument for thermal reconnaissance of a site [30].

The photographic Beil telescope is a eystmu with an objective 30 cm in

diameter, in whose focus is fixed a thermpile with a mall time constant. The

thermopile is connected in opposition to a compensating thermoelemnt having

identical sensitivity but a large time lag. The resultant difference signal moves

to the entrance of & highly sensitive galvaometer. Thus, the galvanometer reacts

to a difference in the thermoelectric currents of the recording thermopile and the

thermoelment irradiated by the total radiation of the landscape. The scanning of

examined space is per line and is carried out by means of slow turn of telescope

in a horisontal plane and a fast intermittent turn of it in a vertical plane around

a horisontal axis. ' a turn of the mirror of the galvanometer at each given

moment of time will be proportional to the surplus of temperature of the considered

object above the average temperature of the background. A ray of light from the

special source is reflected by the airror of the galvanometer through a special

triangular diaphragm to & photographic plate in such a way that its intensity, and,

consequently, also the density of blackening of the photographic emulsion will be

proportional to the angle of rotation of the mirror. The motion of the recording

beam along the photographic plate Is synchronised with the scanning sytem.

Time of exposure by the Beil instrument is rather long since all the considered

picture is inspected by the turn of one sensitive element. Thus, if the time constant
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of the recording thermopile is 0.1 sec, then it is possible to photograph only 10

points per second, and to obtain a fll picture 10-35 minutes will be deanded,

depending upon its dimensions. However, this time, in principle, can be reduced,

increasing the quantity of receiving elements or preparing a mosaic of thermoelements.

In Fig. VIII.23 is a photograph of a water tower, taken due to its intrinsic

emission from a distance of 1 km. Time of exposure was 10 minutes.

The instrument for photographing

objects in the long-wave region of the

infrared spectrum (Fig. VIlI.24a) is, as

- -- in the first case, a device making it

possible to obtain an image due to the

difference in temperatures of separate

elements of objects and the background.

Fig. VTII.23. Thermal photograph In distinction from the Beil telescope
of a water tower.

this instrument makes it possible to

obtain a picture of the distribution of temperature along a surface by comparison

of proceeding radiation with radiation of a standard black body.

The instrument (Fig. VIII.24b), with a total weight near 45 kg, consists of

mirror-lens objectiv' 1, in whose focal plane is placed a bolometer with amplifying

diagram 2, turning mz.-ror 3 synchronously connected with the system of recording 4

on photographic film 5, and a device regulating the intensity of recording beam 6

depending upon radiation energy hittirA the bolometer.

In the focal plane of the mirror-lens objective is disposed a semiconductor

bolometer, whose sensitive element is covered by a KRS-5 filter. The image of the

observed-O•• Objectw, by elamut, is projected on the objective with the help of the

scanning mirror, located at an angle of 450 to the axis of the objective. Scanning

of the image is carried out on a television principle - por line in a rectangular

frame. Scanning time for the entire frame in determined by the sensitivity and time
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lag of the bolometur, and also by the required degree of exposure of the parts and

can be changed within 2-15 *in with a bolometer time constant of 0.001 sec. The

instantaneous field of eight of the "objective - sensitive element" system, which

determines the resolving power of the instrument, is less than 30 angular minutes.

The field of sight of the entire system is 100 vertically and 20* horisontally.

The sensitivity of the instrtuent allows the reoording of radiation of neighboring

sections of the photographed object with a difference in temperature of 0.020C.

With such sensitivity the instrusent can measure the surface temperature of the

pIotograpIet object within limits of -170 - +300C.

Fig. VIII.24&a. General view of an Fi. r II.2*b. Diagram of an
instrument for photographing in the instrumnt for photographing in
lorg-wave part of the infrared thp long-%*ve part of the spectrum,
spectrum, the "Optitheor". the "Optithere".

Change of bolometer current after amplification is used for modulating the

radiation of the neon tube of the Slow discharge. Luinous flux of the glow die-

charge tube is scanned with respect to the usual photographi: plate by the second

mirror, synchronously connected with the ecawting mirror. On the path of luminous

flux propagation there is located a collimator leam, ensurizg on the photographic

plate a point image of the neon tube.

A bolometric recoiver together with an objective, a modulating device, and a

black body are placed in a massive housing to prevent chances in ambient temperature

from affecting pality of Image.

With the help of a special sector disk (mdulator), rotatable by motor, the

sensitive element of the bolometer if alternately subjected to irradiation from the
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direction of the photographed object and the black body (Fig. VIll.24c). For that,

opaque sectors of the modulator, not conducting direct radiation of an object to

the bolometer, have on the rear side (turned to the boloneter) mirror surfaces.

Radiation of a black body by means of a reflecting mirror inclined at an angle of

L50 to the optical axes of the instrument, and of a black body at the moment when

the entrance of the bolometer is covered by the sector modulator, gets on the

bolometer.

A second disk put on the same axis

modulates radiation of a special tube,

irradiating a phototriode intended for

the oscillating of synchronizing signals.

Comparison of phase relationships and

i amplitudes of signal from the bolometer

Fig. VIII.2hc. Diagram of the at the moment of its irradiation by a
head of the "Optitherm":
1--standard black body; 2-- black body (synchronizing signal) and by
deflecting mirror;.3--bolometer
with arzplifier; 4--synchronizer; the photcgraphed object gives the possi-
.-- modulator.

bility of determining relationship of

temperatures of the photographed object and the standard black body. In Fig. VIII.25

there is a photograph of a man, obtained with the held of the "Optitherm."

Fig. VIii.25. Image, obtained in full darkness

with the help of the head of the "Optitherm."



Table VIII.3. Basic Data of the Radimetric Head
of the ",ptitherm".

Designation of parameter Variety of bolometer! I II v

Dimension of receiver, m 0.3 X 0.3 1.0 X 1.0 2.5 X 2.5

Instantaneous field of sight,
degree I X i 0.2 X 0.2 0.5 X 0.5

Time constant, see 0.016 0.016 0.016

Sensitivity, w/cu2  2.10-1l 6.7- 10 -11 1.7-10-1O

Equivalent temperature noises,
"c 0.1 0.03 0.01

7. Obgurvation fre- SAa ce

Successful realisation of laumchings of artificial earth satellites, capable

of being in space near Earth for a lon period of time, and successes in the region

of radio electronics have made It possible to solve the problem of the observation

(reconnaissance) of ground objects frcm space.

It is indicated that such r¢eonraissance in the case of launching a satellite

on a polar orbit can be conducted fbr the purpose of obtaining information about

military objects and for collection of data about forming of overcast of terrestrial

atm•ophere, which is necessary for exact weather forecast in any region nf the globe.

In a published %ccount in the United States of the Laboratory of Interplanetary

Reconnaisance, "Basic Considerations About ConductinC Reconnaissance from Satellites",

(31, 32, 33) there are considered the piysical capabilities and limitations of such

equipient. From a la-ge number of physical and structural questions thi authors

of the work ceparate three basic problm, knmwledge of which is necessar7 for the

ereation of an actually effective meas of intelligence. Ang them are: peculi-

arities of rediation of the earth's surface, wpagalion 01 rau.aniLIUX Long

distances through atmospher, and remolving powr of equipment.
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The earth as a source of radiant flux in space can be considered as a body, in

the radiation of which are observed three chmponents: reflected solar radiation,

intrinsic low-temperature radiation, and radiation of artificial sources created

by the antivity of man.

The sola,- radiation reflected by earth's simrface has a maxdimu spectral density

of radiation in the visible part of the spectrum. It is determined both by

irradiance of earth's surface ann oy its reflectance (albedo). In turn, irradiance

of Pa--.h's surface depends on height of Sun, geographic latitude, time of the year

and the dr'i. and also on the state of the atmosphere.

Outside the atmosphere irradiance due to solar radiation constitutes

1.94 cal/cm2 .min, which in photometric units corresponds to illmhinance of 13,600

foot-candles ' 1 foot-candle (1 --ut - 1O.764 lux ( T O.764 lumen)].

Due to losses in the atWosphere, illhunizce of earth's surface at noon of a

clear day can attain a ms• um magnitude of 10,000 foot-candles, where 80% of the

1i•iuiiniance is caused by ctraight solar beams, and 20% is due to light scattered

by the atmksphere. The value of average albedo of earth's surface and atmosphere

oacillaaa withmn limits of 0. -0.54 depending, upon the state of the overcast,

the •-tiety of natural formations, the angle of incidence of radiant flux and its

spectral compoeition. For a mean vwlue of Ear ch's albedo is taken the magnitude

0.45.

Clo•,s, water, and sncri reflect radiant flux very well. If reflection from

clouds depends on their thickness &nd water content and preserves its constancy

uP to 3 jv , t.nen green, having low reflection in the visible part of ýhe spectrum,

sharply incz-fses its albe-in in the infrared part of the spectrum. Reflectance of

the mooth surface of water depends on hefrht of Sun (ZO) and during angles of

S ........ A.• at fu m er thAn 40-, r-flection is practically absent (at

2k = 43" P 0.02, anid at Z - 85 P - 0.4).



Low-teiperature radiation of Earth

- --in @Pace is the result of absorption of

S j2 2 - solar energy. It has a ontiruwun

maxima near 12 P'; however, due to

selective absorption by atimosphere beyond

its, limits radiation goes out in a narrower

- spectral section (Fig. VIII.26). This

b) AD~UN -radiation changes little during the

Fig. VIII.26. Radiation of Earth, twenty-four hour day &nH create$ uniform
going out beyond the limits of the
atmosphere (by F!i ). background around Farth. In spite of the
KEY• (a) Intensity of radiation in
relative units; ;(b) Wave length, p. fact that the average temperature of

Earth is equal to 287eK, the temperature

of its effective radiation constitutes 2520K because of absorption of radiation

energy by water vapor, carbon dioxide, and ozone.

The third component - radiation of artificial sources on Earth - differs

from the first two both in its tmperature and in its dimensions. They have

surface temperatures significantly exceeding wsmetimes, the temperature of earth's

surface, different spectral composition of radiation, and, according to the character

of their location, carr7 a local character which makes it possible to distinguish

them on the background of low-temperature radiation of Earth.

During the observation, from very large distances, of separate sections of

earth's rsrface, a serious problem is the lessening of their observable contrast

because of Zhe preuence of a light halo around Earth and the scattering of radiant

flux in the t tsiihere.

Statistlc4 shows (32] that absolute contrart of the overwhelmin majority of

ground objects is very small. Thus, in visible light in 95% of all cases contrast.
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constitutes 0.2, and in 90% of the cases - less than 0.1. During observation from

large heights visible contrast decreases still more. In Fig. VITI.27 there is

given the dependency of relative (observed) contrast on height of observation. Fr=

this dependency it is clear that already during observation fromi a height of

- 3000 m the relative contrast of objects decreasms 2-2.5 times.

R •PFurther lowering of contrart of

observable objects can lead to the fact
C 4)
U'_ r.•m f-If-- that the magnitude of the signal given

out by the system of image construction

V will decrease so much that it will become

* 0 lU i coensurable with the fluctuating noisvs(',J saw# I m&,CHV&X #PFMI
of the reconnaissance equipwent. At"1g. VIII.27. lessening of

observable contrast with present ft is considered that it is
height.
KEY: (a) Relative contrast; posoible to detect objects of sufficiently
(b) With filter; (c) Without
filter; (d) h ight in thousand large dimensions, if their contrast with
feet.

the surrowading backgroumnd exceeds 0.02.

Decrease oý' contrast between objects not only lovers the energy capabilities

of reconnaissance equipment, but also worsens its resolving power.

Since weakening of the contrast of ground objects during observation fro large

heights is connected with the state of the Atmosphere and, consequently, with the

optical •oas of the atmosphere, then one should expect improvement of conditions

of observatiot; during transition to a wave range of longer wave lengths, sinze with

this equivalent optical mass of the atmosphere decreases and, as a result, the

coefficient of brightness of air base decreases.

In Fig. VIII.28 are given the dependencies of the optical msos of the atmosphere

on wave letogth and of the coefficient of brightness of air haze on the magnitude of

the optical mass of the atmosphere &t different heights of Sun Z1. As can be seen
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from these curves, the optical mass of the atmsphere decreases by three times

during transition from observation in visible light to observation in the near-wave

infrared region of the spectrim.

When accomplishing reconnaissance farther into the infrared region of the

spectrim artificial heat-radiating objects vil be observed on the background of

low-temperature radiation of Earth. In this cae selection of the range of wave

lengths of the recording device is determined both by the transparency of the

atmosphere and by the contrast of objects relative to the low-temperature background

of Earth. obr the majority of objects oontrast with the surrounding background

will grow in a ways range of 3-6.5u (Fig. VIII.29) due to their ammm radiation

and the absence of radiation of Earth in this section of the spectrim. In a region

of longer waves (6.5-12 1') contrast again starts to decrease because of the sharp

growth in the intrinsic eission of Earth.

The necessity of registering, from

- -- large distances, comparatively small-siue

%4- 1 Oki targets presents very hard requirements

2 - with respect to resolving power of

4reconnaissance systems established on

--- -_ - (4) artificial earth satellites and on other

to V V 004 space craft. Therefore, for conducting

eeconnaissance of mall-suse objects it
Fig. V•II.28. Dependencies of the
optical mass of the atmosphiere on is considered expedient to set up as a
wave length and of the coefficient
of brightness of air haze on the basis a principle, similar to photographic,
optical mass (at different heights
of Sun Z ). with transmission of data on radiotechnical

KEY: (a) Optical mass of the counication lines (34]. Furthermore,
atmosphere (a. ); (b) Brightness
coefficient of L.ir hase; (c) Wave it is indicated that at the contemporary
length, As.

state of technology the most probable

conditions of reconriissance from very
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large heights are considered to be an illuainance of earth's surface of the order

of -86,000 lux, i.e., the conditions of "clear sun," since during illuminance of

the order of -- 43,000 lux briehtnese contrasts between ground objects icarcely makes

it possible to distiqgui.h their Images. In this connection the most probable is

the application of television methods with preliminary electron-optical amplification

of light. An experiment of photographirg by day, through the thickness of the

atmosphere, the plaret Ju. i ter •nd its satellites, with the help of the "cat eye"

equipment, confirms this (35).

Since preliainary research, conducted

at laumches of the "Viking" rociet raie i*

possible to obtain, with a short-focused

camera, photographs of earth i surface

(4) 4hA 7 ! from a height of 258 ki, on which it was

possible to distinguish railroad junctions,
Fig. VIII.29. Relative contrast
of grouad formations during runway, and other details on a site, it
observation of them in different
sections of the speoTrma. wab decided to assume a photographic
KEY: (c) Relative contrast; (b)
Wave length, A. principle as a basis of obtaining an image

by the VS-117 system.

The "Samoa* satellite wae sent into a polar orbit with a maxJia distance

frco Earth of 800 km. The area examined by equipment of the sate llte constituted

nearly 500 km2 .

Reconnaissance equipment from

artificial earth satellites in the United

* , * States began to be developed in 1956 (34];

in the beginning wnder the code "Big

.. .. . . . Brother", and then the project me

Fig. VIII.30. Block-diagram of appropr4ated t.,e code VS-?17.
the equipment of a reconnaissace
earth satellite on the VS-117
project.

238



In 1961 into orbit around Earth was launched a reconnaissance satellite

"Samos," equipped with special combined reconnaissance equipent with transmission

of data to Earth on a television channel.

In Fig. VIII.30 is shown an approximate skeleton diagram of the WS-117

reconnaissance system. The energy of radiation reflected from earth's surface 1,

passing through entrance window of satellite 2, is projected on objective 5 with

the help of two mirrors 3 stabilized in space. The objective has variable focal

length for obtaining wall-scale and large-scale image of photographed surface. As

a sensitive element is applied a television transmitting tube of heightened sensi-

tivity with one-stage amplifier of brightness 6. Subsequently, a video signal with

the help of broad-band transmitter 9 and antenna 10 is transmitted to ground

receiving stations, where visual or photographic registration of obtained images

is carried out.

The problem of continuous orientation of the satellite in such a way that the

optical system is always turned in the direction of the photographed surface of

Earth and the constancy of the entrance angle of radiant flux to the objective is

ensured was solved by application of a stabilizing device, developed in 1953. This

device, consisting of two flat mirrors and an objective suspended on gimbal rings

of stabilizing gyroscopes, allows the mutual displacement of three eloents relative

to one another on cosmand from the ground stations. For this, there is receiver

12, giving out special signals, which control the stabilizing device and objective

during change of scale of survey (circuit 4). Along this circuit move comands

from the basic gyroscopic assembly which stabilize* the flight of the satellite.

The power supply of equipment on circuit 11 is carried out from the general source

of electric power for the satellite.

The second trend in the creation of recrnnisseance systems, which at present

has found practical application, oonsists of the development of infrared equipaent

with long-wave receivers for obtaining information about the forming of overcast

above the surface of the globe.
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In 1958 in the United States was launched the second artificial earth satellite

in the "Vangumrd" project, on which ms fixd an infrared reconnaissance equipment,

obtaining the name "atuspheric eye". The purpose of this squisment is to register

and transmit to receiving stations the formation and density of overcast by different

sections of the earth's surface, necessary for the composition of exact weather

forecasts (38, 39).

In constructitj, the equipment consists of two telescopic "yitems with mirror

optics fixed at an angle of 450 to one another on the external surface of the

spherical artificial earth satellite, a system of recording obtained signals on

magnetic tape, and a telemetric channel for transmission of data from the magnetic

tape to Earth.

A parabolic mirror and an uncooled lead sulfide photoresistor are fixed in a

cylind.r 7.5 cn in diameter (Fig. VII.31) of stainless steel 0.25 mm thick, whose

external surface is gold-plated to decreaw9 the influence of outside radiation.

Candle-power of the optical system,

in order to guarantee fast scanning along

the surface of the clouds, is very great -

1:0.7. The lead-sulfide photoresistor,

being in the focus of the mirror, has an

2operational area equal to lme . The

operational surface of the photoresistor

is covered by an infrared filter, cultting

the visible radiation.
Fig. VIII.31. Recelvng device
for registration of overcast from tower is supplied to the photo-
earth satellites:
!--•aholc -mir,--r; 1-6rcaiwr; resintor from silicon solar batteries,
3--body.

moumted directly in the casing of the

photoresistor. The weight of the receiving

drvice is 100 S.
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During flight of a satellite an a circula orbit at a height of 560 km the

optical syutm of every receiver ex ini an area 13 X 21 ke strictly uier itself

and 90 X 90 ka on the edges of the disk of Earth. Speed of rotation of the satellite

around its vertical axis constitutes 1 rps. The difference signal fr tV-e two

photoresistore, mdulated with a frequen• y of 290 cps, after amplification proceeds,

for recording, to the magnetic tape, from whiah after a definite time It is read

and tralnmitttc hy a tal.mostrio cc nicatioua line to a receivifn point.

This equipment in such a fobr can soaoeoly find application for recuuiaseance

of msaU-seU. hoat-rsdiating objects, s* ite sto rea ng power is ver low. How-

ever, there is no doubt that suboequmntly, with lavovutsn of it, especially with

Improvement of resolving povr, similar eqni.mpt on photoresistors may be used

for detecting certain big objects, whose suface tmiperature differs from the

temperature of the surroundidg backgrmWod.
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CHAPTEER IX

HEAT-DIRECTION FINDING SYSTEmS

1. The OperatUnX Principle and the Arrangement
of Heat-Direction Finders

Under heat-direction finder we understand an optical-electrvmechanical device

intended for determination of angular coordinates of groand (naval) and air targets

by their own thermal radiation.

The fundamental diagram of such a

u device (Fig. IX.i) in the simplest case

should include 'ection 1 with sensitive

element and amplifier, synchroniser 2,

Fig. IX.M . Fundamental diagram and indicator 3.
of the simplest heat-direction
finder. Thermal radiation of a target is

perceived by the optical system and moves to the sensitive element, and the

synchronizing device, on signals obtained from the amplifier of photocurrent, allows

determination ef its angular position relative to tha optical axis of the receiving

device° The pasition of the target car, be visually observed in the form of a

luminescent mark on the indicator instrument or fixed In the form of electrical

signale proportional to its coordinates.

Heat-direction finding devices can be subdivided into two broad classes:

scanning systems and scanning-follow-up or follow-up systems. The last ones have

found wide application in homing guidance systems anI will be considered in Chapter X.
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'P n-', r irvyek i- inr , i t Pt- tic' f "a - , and d•;t. inat.tioin ci iT-tic, n

- 3anruni heat-direction finders find wide application for detection of heat-

r.udiatinp turgets, in fire ontrol stations, and in equipnerý for thermal recon-

naissance of a site.

The structural design of a scanning

heat,-direction finder (Fit- IX.2) in

general should include the following

basic elementsr receiving optica) device

$U I picking up thermal radiation of a target

Fig. IX.2. Structural diagram of and directing it to sensitive element,
a scanning heat-direction finder.
K7Y: (a) Axis of scan. scanning system 2 which ensures scanning

motion of receiving device on a given

principle, sensitive element 3 converting thermal radiaLtion from the target into

an electrical signal, amplifier of photocurrents (voltage) 4, system of sweep and

synchronization 5 ensuring creation of sweep on the screen of the indicator instru-

ment which repeats the character of displacement of the optical axis of the re-

"$lvinv ievice durJ-' z-"ý--n nf anace. i-- indicator instrnmvp 4 allowing vj5ual

estimation of target position relative to some axis.

, system of investigation or scanning in a necessary element in any heat-

direction finder and, therefore,the selection of kinematics of motion of the re-

ceiving device, based on requirements for guaranteeing the best scanning conditions

and the greatest probability and speed of target detection is an important problem.

The most widely applied, at present, method of examination of snace is scanning

by pencil beam or, m, is sometimes called, scanning by -. p.'.beam [1i. In

this case the pencil beam, formed by a system "of an optically sensitive element"

(angle V in Fir. IX.2), on a given law of motion, examines space in a definite solic



anvie - arwe of sight 05. ýr) ',Ile Teri§'d for wnich exairAtion of .his nr•e

occurs is cailed the scanning period of the heat-direction finder.

Scanning of space by a needle-shaped beam allows:

determination of both angular coordinates of the target (it, on Fii. IX.2)

simultaneously and ensures that they are single-v'aiued;

increase in noise immunity of systems by lowering the influence of background

during a narrow angle of sight;

increase in range of heat-direction finder, and

ensures rational modulation of theimal radiation proceeding from target.

From the point of view of tactical application any scanning heat-direction

finder should ensure the most probable detection of target and have a small scanning

period, but the indication of the target on the screen should ensure the possibility

of determining position of target and its displacement in space.

Satisfaction of these requirements is deternined in some r.easure by the law of

displacement of a needle-shaped beam in space. In this case it is possible to

separate two groups of scanning diagrams - with axial symmetry and plane. In Lnn

first case the examined region is limited by a conical surface (normal section is

. , J- ~the second - by a dihedral argle and ', "onal ! -rf1%7:s (normal

section approaches rictangular or oval).

If angular displacement of the scanning beam in space is broken down into basic

and movable, then depending upon the magnitude of the ratio of periods of basic ana

migratory motion, in each group it is possible to distinguish scanning of straight

and reverse sequence and inconsistent scanning. Furthenrore, each of these forms

of scanning it is possible to subdivide into normal and alternate-lizae. The last

ones are used to decrease scanning period, although with this the quantity of un-

examined sections is increased.

In Fig. IX.3 are given form- of trajectories of beam with different kinematic

diagrams for scarnning.



_--ror-• t n .nator, er •nort i' forces 'esneciai!y scaninpn with reverse sequeýnce.).

-fn construction the

fle =ewoa asaring system can be carried

riut differently. In Fiv.

TX.4 are certain forms of

_____ Ik~W scanrninp s-stems [211.

Tn the scanning syster

with exploring disk I the

*.AW - ¢ic7'e ftbatI•pufd latter is dispoied in the

focal plane of the objective

III1 in direct proximity to the

S______ photosensitive layer. During

its rotation, radiant flux
Fig. IX.3. Forms of beam trajectories
during scanning. hits the photosensitive layer
KV'Y: (a) Kinematic diagram; (b) Straight
sequence scanning; (c) Inconsistent through holes located on the
scanning; (d) Reverse sequence scanning;
(e) 'canning with axial symmetry; (f) spiral. Angle of sight with
Basic motion-oscillation; (g) spiraiL; (h)
Radial-circular; (i) Basic motion-rotation; such a system is determined
Ni) Rotation-conical; (k) Scanning with
plane Pynretry; (C) Basic motion-oscillaticn; by the parameters of the

(o) Helical. objective and the dimensions

of the photosenvitive layer,

which in this case should be sufficiently la"ge, and the angular dimension of thr

needle-shaped beam (instantaneous angle of sight) - by the objective and diameter

of the hole in the disk.

In mirror-lens systeme• II exploration motion is carried out by a flat mirror

in two planes. As a result of such motion there occurs scanning of space by a

pencil beam, whose angular dimension is determined by the parameters of optics and



r h. ;~s* ~ ~a~r Axi.;e of sigh- ir, -ý, -A

!.h, ragitude of anr'•ar ds1raiar_en ntor the •#-

1er line scanrinp IIi ran b6 carried out by rotatior of several objectives,located along a spiral on A zu1rf-•_adpia ......-.1 .Zftce, in the center of which is disposea

a photosensitive layer. Tnsta&ntaneous angle of sight in this device is determined
by arameters of objective and dimension of photosensitive layer, but the angle of
sight of the eystern is determined by the anglee of inclination of objectives

relative to the cylindrical surface on which they are located.

1- ! 1 A property of ortical

wedges is to deflect toward the

base radiant flux passing

througi. them. They also may be
I used for creating scanning

motion. S,,h a .vi+-e TV has

two pairs of optical wedges,

fixed before the objective and

% revolving, each pair in oppo-

sition. During their rotation

effective rafracting angle at

summit changes and, due to this,

deflection of the needle-shaped

beam with respect to scanninR

angle is changed. MagnitudeFig. IX.4. Scanning optical systeis:
I--system with exploring disI': 1- of scanning &Ale is determinedt ........ optics .... ~-- boring, ;' k; 3--
receiver. II-system with flat receiving by the material from which themirror: I-scanning mirror; 2--ob-
Jective; 3 -- receiver. lI1--system with wedges are made and the re-revolving objectives; b-receiving optics;2 -receiver. IV-system with revolving fracting angle at sumit, butoptical wedges: i-revolving orticalwwdEes; 2 -- objective; 3-receiver; 4- the angular dimension of the
scanning axis.
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-fe.ectioll of the character of the scanning and At-- constructive fulflimnent

are determined by the purpose of the heat-direction findin

"f fulfillment, and tactical-technical requirements. As an example of the work

of an optical receiving device with scanning by a leedle-shaped beam, we will con-

sider the work of a receiving device of a heat-directior finding system for taking

a thermal map of a site [2]. The given system is established on an aircraft and

=u4 U. cnsure the reproduction, on the screen of an indicator instrument, of the

thermal relief of the site above which the aircraft flies.

Aircraft at height H moves with groundspeed v. The scanning device of the

equipment has a needle-shaped beam with angle of siRht y. composixg a unit of angular

minutes. The scanning field of the system will be formed by the rotation of a

receiving optical element at angle 2P around an axis parallel to the longitudinal

axis of the aircraft. Thus, during a turn of the receiving element at angle 20

there is carried out an examination of space in the form of a line. Depending upon

the speed of flight of the aircraft and the speed of rotation of the receiving

element the scanning lines traced on the site can be disposed Pither with omissions

or overlapping. As the i-ece!P.,; , .. ,i,.; dcvice in Lihe considered equipment is

aprlied a prism with n reflectinp surfaces, revolving with speed r. Thus, after

one turn of the prism on the site are traces n lines.

For the satisfactory work of equipment it is necessary to fulfill the following

conditions:

a) to guarantee good resolving power angle V should bo. very small, and

scanning speed maximum. However, the latter is limited by the time constant of

sensitive element r;

b) time of displacement of image of site along senaitive element should not

be less thanhr (k- positive number, characterizing reserve of time lag of sensitive



er-r t.jrPs ýf var, P P -&en 9 inS~ a ujtIlt of ! i!7E w;.. ne i(- eTminC by

ex;resaicr 2.-' v. and, corsequent.iy, time of dls oacement of image - n angular

!'Agnitude ccrrespo•dirg "o the angle of sight will be /2ftr Consequently, there

is required fulfillment o inequality

S~(Ix.l)

The scanning device should work with such speed that there are no omissions

on image of site. In the direction of flight the bandwidth of capture Adll be

yI?. and the width of capture for a unit of time yHnr. So that there are no omissions,

there Is required yHnr>r'. Pror this relationship and from expression (IX.i) it

follows that

r;P k anr> FT -(IX.2)

Exclhding r and y from expressions (IX.2), we will obtain correspondingly:

T > (IX. 3)

SH(Ix.4)

Thus, the necessary instantaneous scanning angle of equigment for taking a

thermal map of a site is determined by ratio 4 and the time constant of the

Phn-son.Plive elament ki.

The value of magnitudes v and H, entering into expressions (IX.3) and (IX.4),

are determined by the tactical application of the equipment, and n==-3M

For instance, for case H - 300 m, a- 300 m/sec, k - 2, n - 2, = 10-'see,
we obtair r - 360 deg mrdn.

sec
Naturally. such an a-gle of s Aght carnnt ensure good resolving power. For

its imprnvement, with guarantee of site examination without, omibsions, it is

necessary either to increase speed of scanning with a significant decrease in time

constant of photosensitive layer cr ta apply mosaic photosensitive layers. In the

latter case formulas (IX.3) and (IX.4) take the form



I , -,, , ' ( : Y

(TX. b)

where N - number of elements in mosaic.

Thus, if in the case of the preceding example we take i-|O- sec, N = 9,

then v=3'. which will ailow us to have the equipment for takin, a thermal map of a

site with sufficiently high resolving power.

A somewhat different picture is observed during the use of similar equipment

from great heights. Although during flight at 300 m altitude angular resolution at

mrdn gives a linear resolution of 30 cm, during flight at H = 30,tlO0 m to obtain

the same linear resolution there is reauired an angular resolution of 102mrdn.

Considering the expression for the limiting diffractional resolution of optical

systems y= 1.22 X one can determine that even in this best case the diameter of

entrance optics D during V- 1O-2 mrdn and X= 10 A, should be equal to - 120 c.4

Thus, the possibility of tne application of equipment for taking a thermal map of

a site from great heights can be affected by the technical limitations and, in the

first place, the possibility of distribution of equipment on the aircraft.

When app• aising the resolving power of heat-direction finding instruments for

reconnaissance of a site, one should consider the inconstancy of linear resolution

with respect to field of sight for such systems. It worsens as the optical axis

of the scanning device deflects from vertical.

2. Prospects of Development of Heat-Direction Finding astem3

With the development of military technology heat-direction finding systems

have obtained even greater development for all kinds of troopa. Proceeding

especially intensely is the work on the creation of semiautomatic and automatic

infrared stations of detection anc fire control.
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funle io, (sc.anni.np') ani atminp (trackinx). are contradiLrv. An -x: .r-rs' Ion

levice rust ersure a hlvh probabilit', of target detection at grear. dastances and a*

large scanning anglev after a mininium scanning time. It must have high resolving

power in order to reveal and determine the bearing of all targets in the field of

sipht.

The tracking device must have high angular accuraiy A.id, as a rule, ensure

determination of coordinatms of one selected target.

Althouph in r-.dar stations, as a rule, due to structural rnd size requirements

both functions can be carried out in one device, for infrared systems sometimes it

is more profitable to have scanning and follow-up sysaem carried out separately.

In Table IX.1, there are presented, as an example, the basic requirements

which must be satisfied by heat-direction finding fire control stations developed

in the United States for the Air Force (3).

As n'llows fron 'he given data, to the systems of detec .on are presented'

strict requirements with respect to distance and scanning angles.

In systems with a needle-shaped bear these requirements are contradictory;

for instance, increaze of scanning angle requires increase of area of sensitive

element, but this leads to decrease of its sensitivity, which i3 equivalent to

decrease of range, and also to increase of scanning time and impairment of re-

solving power.

Consequently, in systems with one sensitive element, whose ar a is small in

order to guarantee necessary range, during scanning by a needle-shaped beam it is

difficult to ensure the rhecessary magnitude of scanning field. Fur+herwnre,

scanning by a needle-shaped beam requires complicated kinematic diagram of the

scanning system.

A way out of this situation is to change one sensitive element to a mosaic of

a large nunber of snmall sensitive elements. In this case a system with a rA.sai!



-onsistini of N sensitive elements thoretically should be V•i times more

sensitive than a s3stem with one sensitive element similar in assignment, but with

'he same 5canning field and the same speed of scannpri motior.

.able IX.l

Designation of Unit of System of System of
pz..ameter measurement scanninp tracking

2,sic assignment Detection of all Retention of one target
targets in the in field of sight in the
field of sight presence of severaJl

targets

Free-space range 20-100 10-20

Field of sight deps 20-!80 1-20

Angular resolving deg 1 0.05
power

Frequency of modu- framzb/sec 0.l--4 4-100
lation (frequency of
frames)

C'utput data Position of tar- Position of target (two
get (two ccordi- zoordinates)

nates) j Speed of change of
Intensity of position f target 't, wo
radiation coorcdiates)

Dimens ion of tar
get

Temperature of
target

Transition to mosaic sensitive elements, naturally, is connected with the

solution o1 a series of additional problems: the diff~culty of manufacturing

rýotosensitive layers with Jdentical parameterS, increase in the number cf

amplifiers or applicaticn of a commutating device for, successive connection of

el_,m-nts of the mosaic to the general amplifier, lowering of noises etc.

At, rresent ýA-ýre arz knc,wn three types of systems with mosaic sensitive

elements, for which,

S) eve ry !I - Af the mosaic has a separate amplifier;

b) .ll elemer, o,. 'he mo-aic are successively connected to the general



amtr-Afier;

c) the mosaic is replaced by a infrared vidicon.

Of greatest interest is the second group of systems [5], whose work may be

clarified by Fig. IX.5.

"The scanning angle of a hat-direction finder i1 determined by "objective -

mosaic" system, with which system examination of the site within limits o: the

scanning angle is carried out by a motionless beam, formed by each separate

element of the mosaic. Thermal radiation from the target, preliminarily modulated

by a disk modulator, is focused by the optical system on one of the elements of

the mosaic. Depending upon which of the elements of the mosaic gets the radiation

energy of the target, from it is removed the signal, which until cormtation is

stored in the tuned oscillation circuit. With the help of a mechanical comutator,

the rotor of which by turn visits all elements of the mosaic, the signal from the

oscillation circuit moves to the entrance of the amplifier. After amplification

the signal moves to the indicator instratnt, whose sweep is synchronized with

the rotation of the commutator. Therefore, the position of the mark on the screen

of the indicator instrument will correspond to the position of the target relative

to the optical axis of the receiving device.

(a) ---

(C(')

Fig).M5. Rudamental diagram of
a system with a mosaic sensitive
element and a general amplifier,
I-receiving optics; 2--modulation
disk; 3--moaaic receiver with Fig. IX.6a. Dim'ram of ccutation
circuits; 4-cawttator; 5-sca& of sUppl voltage of separate
unit and synchronization; 6- elements of a mosaic.
indicator block; 7--motor. l-narrow-bani filter; 2--element

of mosaic; 3-broad-band filter.
KEY: (a) Cutat-or; (b) To
sml. fier.

2r3



^s commutating diagrams may be applied a diagram of commutation of the supply

voltape passed to serarate elmnents of the mosaic (Fi., TX.6a), and a diagram of

comnutation of signals removec from the elements of the mosaic (Fig. IX.6b).

'.ith commnutation of supply voltage there appears one difiiculty, connected

with the fact that the duration of the transition process durinp supply of voltage

'o an element of the mosaic may be significantly more than duration of che signal

from the target. To decrease the time of the transition process it is necessary

to filter surply voltage with the helP of multi-unit electrical filters. Conse-

quentiy, with such a method of comutatlin,for every element of the mosaic it is

necessary to provide compact multi-element electrical filtrs. A filter constitutes

a cerazric plate with a printed circuit of an RC-circuit on its siurface. ()n the

surface of a 25 X 2ý =in plat! from barium titanate, is placed up to 10 sections of

?'3-filters with the capacitance of each element up to 0.01 microfarad [5].

In the second diagram of

commutation, applied in the Amerri-an

heat-dikrection finder CODES, developed

PV T * 1 by the firm Avion, the output signal

I - from each sensitive element of the

mosaic, in turn, with the help of

a mechanical comutator, moves to
Fig. IX.6b. Diagram of commutation
of useful signal removed from the entrance of the amplifier. To
elements of mosaic:
]--element of mosaic; 2--resonance guarantee the successful work of
circuit.

hYS: (a) Commutator; (b) To such a system careful manufacture of
amplifier.

circuits of cormnutation is necessary

so that set M.osesof . .e c utatin device dAW niot exceed the useiul signal re-

moved from the element of the mosaic.

Further development of mosaic receivers, obviously, have to be electron tubes

of the thermicon and vidicon type. Application of them will Lilow us to simplify



si nificantiy the elct.ronic circuit of scanning devices, to free ther, friom

troubles connecteu with 2onrmutation of weak currents. Furtherrore, aJpiIcdticn of

electronic sweeFing will allow us to decrease significxily the scanning time of

space and the effect of the background, and improve the resolving power of heat-

lirection finding systems. An example of such a system with electronic image

scanning is The air-raft scanning instrument, the Filterscan., oy 'Ihilco" [6].

The basic element of a heat-direction finding system (Fig. IX.7) is an electron

tube with high scanning speed without accumulation of signal. The conical part of

che tube on one side is closed by a thin silico plate, and on the other' - by a

plate from material which is transparent in the requtr-ed range of wave lengths.

An electron gun is located in a branch at such &r. angle that the electron beam

emitted by it irradiates the silicon plate.

An image of the target in infrared beams is focused by the receiving optics

to the entrance window (silicon) of the electron tube. Radiation forming this

image, after gettinp out of the tube, is

focused with the help of mirror cptics

on the photosensitive element. A!- a

sensitive element may be used any phcto-

resistor, but in the considered ndodei

Fig. IX.7. Piagram of the was applied indium antimonide with a
Filterscan instrument, 9
I--first objective; e- threshold sensitivity of 1.3.10- w to
scanning tube; 3--second
mirror objective; 4--icdi- radiation with a temperature of 3001
cator IK radiation; 5- -10
elec t ron gun; 6--focusing and 1.510 w to radiation with a
defý ting coil; 7-entrance
window; e--output window. temperature of 500K.

Aftor tu-rdnin nn el artvrnn heani anci

focusing it on the interna.l surface of the entrance window of the electron tube,

electrons accelerated by a voltage of 25 kv cause a local formation of free

carriers in the semiconducto-, which Is equivalent to a change of conductivity



anr4 , consequently, the coefficient of absorption at the riace where the bean. hits.

"-h- deflecting, system forces the electron beam and the spot with hiph ortical

ahscr-ion created by it to shift a-onp, the surface of the silicon riate, thus

-arryinp out imagc scanning (scanning by field of sight).

Since the energy content of radiation transmitted by flying spot in any

rorent of time is determined by the "brightness" of the section of infrared image

covered by the syot, then the outru- signal frorr the photoresistor is also a

function of time, the magnitude of which depends on distribution of "brightness"

of infrared image on the entrance window of the tube. Thus, the sensitive element

issues to the indicator instrument an output signal proportional to the change of

radiation energy of consecutively examined elements of the field of sight. The

sweeping of the indicator instrmment is synchronized with the system of deflection

of electron beam, which makes it possible to obtain on the screen of the instrument

a thermal image of the scanning field.

The system is simrle in design, light-weight and small and makes it possible

to reveal objects with a temperature of 1250C with parameters which were applied

in the model:

Aroa of ibsorbing spot ............................ 3.l.0-Acm2

Ar:a of screen ........................... .......... 2.2I4 cm

Ar'-a of sensitive element ........................... 0.1 cm 2

Porizortal scan ..................................... 1 kc

Vzrtica! scan ....................................... • 0 cps

-elative hole of objective..........................2:3

?elative hole of mirro" ............................. 1:0.75

lass band ................................ - -

3. Construction of Heat-Direction FindinrwPZtems

At present there have been developed abroad a significant quantity of types of



heat-lirectic- findinp equipment, intended for installation both on ground (naval)

and air objects. 1h-ile being identical in their principle of action, they lifrer

.n construction and tactical-technical data.

The biggest quantity of heat-direction finding systems is developed for the

Air Force and intended for the detection of air end ground (naval) targets,

intelligence, and navigation. Recently there began to be developed automatic heat-

direction finding systems on pilotless jet aircraft and earth satellites for

rurposes of air intelligence and registration of rocket launches.

"Tn 1944 in riermany there was developed and manufactured a night heat-direction

fincer "Kiel-4" (Fig. IX.8), consisting of receiving device 1, amplifier of photo-

currents 2, indicator instrmnen t 3, and control panel 4.

The receiving device of the heat-direction finder, established in the nose part

of a fig.hter aircraft, included a revolving receiving mirror 250 mm in diameter,

in the focal jlane of which was placed a lead su.lfide photoresistor, a unit for

preliminary amplification of photocurrent, a mechanical rotation drive of the

mirror, a mechanism for scanning target in the horizontal plane and potentiometers-

transducers connected with the rotation drive of thc mirror for synchronizing the

sweep of the indicator instrument. The receivinr device was covered by a glass

cowl to give it a more streamlined aerodynamic form. The lead sulfide photoresistor

was cooled to a temperature of - ?) oC by solid carbon dioxiae.

Scanning of space at a solid angle of 200 was carried out by a needle-shaped

beam arrroximately 10 in width. A simultaneous receiving device could accomplisn

scanning motion in a horizontal plane at an angle of 600.

'Ahen radiation from the target hit the photoresistor, from it was removed

a photocurrent pulse; ..... A..... . p.. fcatn .vdto the indicator block.

Simultaneously from the sine potentiometers, connected with the rotation drive of

the mirror, there was removed a voltage which passed to the deflectuin electrodes

C' C-7



of the indicator electron-beam tube. This voltage created on the screen of the

inlicator tube a sweep repeating the character of displacement of the optical axis

of the mirror in space.

".-.hen the heat-direction finder made a scanning motion in the horizontal plane,

sir•ultaneously, with the help of selsyn-transducers, there issued a voltage,

rrorortional to the ang-Car deflection of the axis of the heat-direction finder

fron the longitudinal axis of the aircraft, to the switch instrument. This

allowed the pilot to judge where the target was - on the right or on the left of

the axis of the aircraft.

Observing the position of the target.

mark on the indicator instrument and

knowing its position relative to the

longittidinal axis of the aircraft, the

pilot could, by maneuvering his aircraft,

combine the mark from the target with the

center of the cross lines on the screen

of the indicator instrument and approach

the attacked aircraft until he could see

Fig. IX.8. The general form it visually. After that the attack on
of the heat-direction finder
set, the "Kiel-41". the target was carried out visually.

The free-space r,.nge of the heat-

direction finder "Kiel-V" for propeller-driven aircraft at medium altitudes

constituted 8 10 km, and the directior to target was determined with a precision

Further development of ideas embodied in the basis of the heat-direction finder

"w'i=I-4, the improvement of sweep and the automatic machine to guarantee tracking

a revealed target led to the creation, in the postwar period, of semiautomatic

and automatic heat-direction finding stations of aircraft fire control.



Thus, according to data available in literature [8], all P-100 type fighters

in the United States are equipped with a fire control station on infrared beams

(4 IX.9).

The infrared sight, AN/AXG-l4, for

the F-104 "Starfighter" constitutes a

* ,construction, including an

infrared system of detection, an electron

Samplifier and a projection system for

visual indication of the target (9].

Fig. IX.9. Infrared sight The projection system of the sight, after
AN/A.%-14 on the F-104.

corresponding conversion and amplification,

transmits an Infrared image of the target to a reflective glass optical sight. A

sensitive element (PbS) is placed outside the cabin before bullet-proof glass and

is covered by a little entrance window, transparent in the region of sensItivity

of the photoresistor.

The pilot observes on the reflective glass of the optical sight simultaneotslv

a mark from the target and a sighting mark whose position in the field of sight

is calculated by a computer of optical sight. This allows hMi to carry out an

attack on Lhe target at night just as if the target Were visible directly to the

eye.

In this sight, thanks to the large field of sight, there is no necessity for

a special scanning device since on the reflective glass of the sight are observed

simultaneously all tIargets in the field of sight of the receiving head. The pilot

in this case executes the function of selection, disting-uishing that target which

it i necussary to attack.

In a more later irfrared sighting station, the AN/AAR-21, developed by Hughes

Aircraft Co., the scanning cytesm and tracking are divided. As a sensitive element

in the sighting station is applied a lead sulfid2e photoresistor, cooled to the

25'9



temperature of liquid nitrogen. In distinctior from station AN/ASC-14 this station

makes it possible to measure distance to target with the help of two tracking heads

on infrared beams [10].

There are developed and combined optical-radar systems, for which the

function of detecting the target and the preliminary tracking of it is done by

passive infrared equipment, and after targst is detected and a fighter starts

towArd i. in a shurt time, automatically, a radiorange finer is switched on, with

the help of which the coordinate of distance is introduced into the computer.

Incication of radar and infrareJ images is produced on one screen as occurs on

the Westinghouse interception station [11, 12, 13).

Application of similar combined systems with brief inclusion of a radiorange

finder in the last stage of attack significantly decreases the possibility of

premature detection of the attackirng fighter by the enemy.

In 1957-1958 in the United States there was aeveloped a scanning-tracking

heat-direction finding system, CODES (Fig. -X.lOa) (4, 1.], in whose basis of

oreration was assumed the application of a mosaic of photoresistors with commutation

of sipna!s on alternating current and subsequent am; lification in one amplifier.

Flat receiving mirror 2, r,.. in azimuthal plane and connected with

transducer of coordinates, carries out scan of target and directs radiant flux 2

to entrance of spherical optical system 3. The last, through correcting lenses 4,

directs the obtained energy to the sensitive surface of nmsaic 5.

The optical system includes also aperture diaphragm 6 and, located in it, an

interference filter with a pass band of 1. 8- 2 . 7 A and modulation lattice 7 with

intervals between lines nearly 0.05 A , applied on a curved surface 32 X 4 Mm in

dimension. With the help of the modulation lattice radiation from the target is

modulated with a frequency of 40 cps. The aperture diaphragm, located in the plane

of the center of the curvature of the spherical mirror, allows decrease of aberration



of the optical syster- due to the limitation on width of beams of radiation

rassing throuph.

j 4 A mosaic of photoresistors has

a stretched form (32 X 2 rm),

therefore, in order to ensure

qualitative image of target on any

of the elements of the mosaic, it

is disposed in a meridional plane

of the optical system. With this

aim the mosaic is applied on a curved
Fig. IX.lOa) Diagram of optical
system of CODES: sublayer with radius of curvature
1-flat receiving mirror; 2-
radiant flux; 3-focusing spherical equal to the radius of curvature of
mirror; 4-correctitng lens; 5--
mosaic; 6-aperture diaphragm; 7- the focal plane of optics.
modulation grid; 8-commutator; 9--
hydromotor of scanning mirror. Angular dir.ension of an image

of a pinpoint target on an element

of the mosaic is equal to 1.2 mlrdn, with good reeolving power all over the field

if sight. Instantaneous field of sight of the optical system constitutes 2.70 in

azimuth aad 400 in elevation. By this instantaneous angle the receiving device,

due -) r : - r,- of the flat mirror, examines in space an angle 900 in azimuth and

400 in eleva.ion. An angle of 400 is ensured due to the consecutive connection of

elements of the mosaic to the entrance of the amplifier with the help of the

commutator (Fig, IX.iOb).

Output signals from elements of the mosaic are stored in separate oscillation

circuits, tuned to a frequency of 40 cpa. 5uch a resonance circuit executes a

double fnnction: it stores energy for a definite time determined by the frequency

of commutation and separates the signal on a background of noises. The blocking

canacitor C does not transmit the constant component to contacts of the commutator.



The mechanical commutator is prepared like the type applied in telemetric

rractice and has 60 lamellae. All thirty elements of the mosaic are connected to

iarelae of the commutator in such a way as to obtain two cycles of conmutation for

one turn of the rotor of the -ommutator. Through the contacts of the commutator

the signal from an element of the mosaic moves to the entrance of the amplifier,

assembled on five semiconductor triodes.

"For guarantee of optiymm sensitivity

I ( ~the pass band of the airplifier (&f = 40 cps)

------- is coordinated with length of signal from

.. 'one element (0.023 sec).

9 After the amnplifier signal is de-

5 tected in the two-half-period detector

and after limitation, it enters the

indicator instrument.

Fig. IX.lOb. Block-diagram The horizontal sweep of the indicator
cf the CODES system:
1--element of mosaic; 2- instrument is synchronized with the
accumulator circuit; 3-
commutator; 14-drive of pv, in- of the receiving mirror with the
commutator; 5-generator of
sawtooth pulses; 6-amplifier; help of the precision potentiometer which
7-detector and limiter; 8-
indicator instrument; 9- is the transducer of coordinates.
scanning mirror; 10-transducer
of coordLiates; 1l--aperture; Vertfal sweep in the indicator
12-concave mirror; 13-correc-
ting lens; 11.-grid; 15--mosaic. instrument is synchroi ized with the
KFY: (a) Mosaic indicator.

position of the rotor of the comnutator

by mpans of the generator of sawtooth voltage, giving out two pulses for one turn

of the cDutatou. Ruring the supply of these voltages to deflecting, electrodes

of the electron-beam tube of the indicator instrument the sweep repeats the

sequence of scanning of space by the receiving device, and the porition ýf the

target mark on the screen relative to the center of the tube corresponds to uhe



rosition of the target in space relative to the optical axis of the instruznent. The

time of examnning the scanning field is 1.5 sec.

£ ~ The general form of the heat-direction

finder is shown in Fig. IX.ll, and in

4 Table IX.2 are given the basic parameters

C A of the heat-direction finder.

On the basis of the CODES system in

the United States there was developed a

scanning system for the detection of

artificial earth satellites by their

thermal radiation [2]; the general form

Fig. IX.11. General form of
CODES equipment (irithout of the receiving device of this system
housing):
1--flat mirror; 2--filter; is presented in Fig. IX.12.
3--modulating grid and elements
of mosaic; 4-focusing lens; The receiving head is established
5--correcting lene; 6-30 tuned
circuits; 7-amplifier of signal; on a mobile platform with three degrees
8--generator of sawtooth voltages;
9--drive of mirror; 10-azimuthal of freedom, which makes it possible to
potentiometer; 11-elevation pick-
up; 12--drive of commutator; 13- direct its scanning field to any part. of
commutator.

the sky. In distinction fron the earlier-

considered CODES system, in this equipment the scanning motion is carried out by

rotation of all the receiving head in an asimuthal plane within limits of the

angles + 30 to +2100. The instantaneous field of siý ht, ensured by wide-angled

op'tics and a mosaic consisting of 30 sensitive elements, is equal to 0.92 X 270.5.

tadiation of a satel~ite is modulated by a drim with slots with a frequency of

1000 cps. A" sensitive elements of the mosaic are applied uncooled lead sulfide

photoresistors. The signal of the elements of the mosaic, with the help of the

commutator, moves to the oscillograph, on whose screen it is possible to observe

a mark from the taret and to watch its displacement.



Table TX.2. Basic }arýLmeters of t?'c CODES 'ýystem

Pesignat.on of parameter Unit of Magnitude
measuremen~t

-anning anrle: in azimuth deg +45
in elevation degg 4C

Instaltan,r!ous angie of sight,
in azimuth deg 2.7

in elevation deg 40

ijre of sweep sec 1.5

*iameter of entrance aperture f 43

.f ficiency of optics 30

.llative ar'erLure F/I (1:1)

Angular dimension of inage from
90Y energy mrdn -

oensitive element - bS

.eimensiLn of element of mosaic 1X2

Time constant M sec 200

Interval of sensitivity 1.8--2.7

Integral sensitivity w/cm2V 4.10-I

Fig. !X.12. 1istr'-=.ent for detectionf of artificial earth satellites:
Y--ir.•t-; 2--corrcting lens; 3--srherical mirror; 4--secondary mirror;

5--modulation drum; b--mosaic; 7--frame for bracing of optics; S--motor
cf belt.: 9--electron elements of the diagram; 10--scale of scanning angles.
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4. ON POSSIBILITY OF DETECTION OF BALLISTIC
AND CUIDE) ROCKETS

Progress in the area of development of tactical and strategic wapons, appear-

ance of guided and ballistic rockets of media and long range of operation in the

arsenals of a number of countries demanded development of reliably working systems

of distant detection of launching and entrance in atmosphere of rockets, with their

subsequent destruction in the air far from the protected object. This problem, on

which a great many people are working in a number of countries, and especially in

the Uni+.ed States, is aggravated by the fact that equipment of rockets with nuclear

warheads requires an absolute guarantee of their destruction at distances which are

safe for orotected object.

According to the estimate of foreign specialists, radius of defended hemisphere

2 (Fig. IX.13) around protected object I chould be approximatel~y 80 km. [25). Kere

is considered range of operation of atomic

charge with average trotyl equivalent, and

distance which protects from injury people

seo-ving the object.
Fig. IX.13 Diagram of Defense
from ICBM4; 1--defended object; To guarantee collision of antirocket
2-- hemisphere nf defeanam;
3 s- one of detection; rocket with ballistic rocket at the bound-
4 -z one of possible appearance
of ICBM. ary of defended hemisphere, rocket should

be detected aI.ead of time by some means



able to determine the conrd.iates of its trajectory and to calculate point of en-

counter. Mini== radius of detection of rocket is determined by its type, and also

by the type by the type of antirocket rocket and system of guiding used for inter-

cention.

Contemporary radar systems detect and trac÷ intercontinental ballistic rocket

O.CBM)at distances up to 800-1600 km [25]. However, they are subject to interfer-

ence in the form of active countermeasures directly from rocket, interference from

false targets, and influence of occasional interference from Aurora Borealis, re-

flections from the moon, etc.

In this connection there is great interest in work conducted abroad and, in the

first place in the United States, on determination of possibility of detecting

ICBM's using infrared equipment. These works are conducted in three main direct-

ions:

investigation of radiation of rockets and artificial Earth satellitea;

investigation of possibilities of detecting tCBM's;

creation of systems of guiding antirocket rockets to ICBKS e tering .n dense

layers of atmosphere.

Investigations of thermal radiation of ballistic rockets in the Last st':• of

theii trajectory [15] showed that nose cone of a rocket enterL'ng the atmosp'e-it

creates a shock-wave front behind which

will be formed a high-toAperaturt. layer of

air, intensely heating the body of the

cone up to its melting (Fiv. IX.14). In

this layer air is ionized and radiates
Fig. IX.14. Heating of Nose Cone

both in the visible and in the infrared of Rocket During its Entrance in
Atmosphere: 1 -- shock-wave front:

region of the spectrum. 2 -- stagnation point; 3 - direct-
ion of flight; 4 - nose cone; 5

It is possible to judge the degree of high-temperature layer of ionised
air; 6 -- plastic thermai insulation pad.

?eating of nose cone by rencrts of foloign

nress, from which it follows that



nose cone of JuDiter, durine its entrance in atmosphere was heated until white

and rocket was seen visually for 24 sec., 1000 times brighter than the planet

Jupiter, on background of which cone passed (Table IX.j).

Such higt. temperature are characteristic for the stagnation point; however,

temperature of P U body of cone can exceed magnitude of order 2000-25000C. This

allows not only to detect rockets by their thermal radiation, and also reliably to

track them Up tu the morment uf complete combustion or iall onto earth. Thus, dur-

ing mentioned investigations of "Jupiter" rocket by the radiaeetric method it was

Dossible to detect and to trace the trajectory of all three razts of rocket: nose

cone, body of rocket and instrument section - up to their fall in Atlantic

ocean [171.

Table IX.3 Speed and Teaperature of Typical
Aircraft During, Return to Ea.rth [161

(4,) ~ Cao~ocvk. Tas'iwya

(A.) PaKera C ,a.1hISocT.b I OM kMA 3 500 3400

PaRCTea ,.I.LNO-Clwo 8 (" KA 6700 7100
CnYTU-K C oPUToA 4809 k,7 000 a s0

KEY: (a) Object; (b) Velocity, M/sec., (c) Tem-
perature, IC; (d) Rocket with range of; (e) satel-
lite with orbit.

Squally with investigation of thermal radiation of rockets, at present are

conducted intense theoretical and experimental investigations of infrared radiation

of s3aceships and artificial earth satellites during their flight on orbits Many

hundreds of kilometers from surface of Earth [lP]. Thus, series of trackings of

flight of artificial earth satellites showed real possibility of their detection

by day and at night by instruments of infrared technology. It was determined that

radiation of artificial earth satellite significantiv exceeds theoret.,csCly -all-

grounded radiation of body with temperature of 300*K and constitutes fo' the third

of the Soviet artificial earth satellites, by measurements of Myron Block,



magnitude of the order of 1000 w. Although nature of radiation of artificial earth

satellites is at nresent completely not determined, it is assumed that it is caused

bY the preser.ee at these heights around the Earth of a zone of nligh-energy parti-

cles, and also by recombination on surfaces of satellite of electrons and ions

which are at these heights. This hypothesis, in turn, makes it possible to assume

nossibility of detection of ICBM long before its entrance in dense layers of at-

mosohere during flight in cosmos at heights of the order of 500-2200 km..

The above investigations were carried out by specially developed experimental

instruments - radicieters and spectrometric installation.. Structurally they

were either portable, or were mounted on antennas of radar stations and artillery

platforms in order to use their tracking systems.

Radiometer of firm Aerojet General ty,.e 58, weighing 9 kg, and with inlet

diameter of 15 cm, was mounted either or, a special tripod or on the gun-carriage of

a naval cannon, as during launching of 'Jupiter" rockets in May-June 1958. To de-

crease dimensions, long-focal mirror-lens optics with multiple reflection are used.

Instrument SS mounted on ships in the area of The Lesser Antilles made it possible

to track trajectory of flight of rocket from launching to fall in ocean [19]. The

same instrument was used by the firm to track the flight of the third Soviet art-

ificial earth satellite.

Observation of the flight of The "Jupiter" rocket during its entry in to dense

layers of atmosphere was carried out also using hand radiometer R-4.K of the Boeing

,ngineering Co. [20]. The instrument, with field of vision of 40, consists of

radiometric head with replaceable sensing elements (PbS and germanium boloseter),

and modulating disks to guarantee 24-hour operation and a circuit unit. Weight of

iristrument is 6 kilograms. Radiometric head is mount@_d on a rif1.e butt for con-

venient operation in the "hand" position; however it can be placed on any tracking

mechanism for joint work in regime of trackring (Fig. IX.15). For initial guiding

of radiometer onto rocket during its entry in atmosphere a telescopic sight is



mou•nted on body of head.

FIG. 11.15. Instrunt of In-
creased Range, Cambined with Ra-
ctar Antenna.-

Considerable attention also me allotted chock of possibility of detection of

rockets at moment of their launching and on active section of trajectory. Since

infrared mechanism possess high accuracy of masur'euint of angular coordinates,

then obtaining of data about launehing of rockets permit determination of launching

coordinates calculation of trajectory of fUiht of rocket to moint of encounter

with antirocket rocket.

Investigations in this direction• mr coawlcted both with the equipient con-

sidered above and also with special pect, mtri infrared equipmnt.

Fig. IX.Ioa "Rapid-Scan Spee-
tromtric installation.



The Perkin-Elmer firm has for a long time conducted spectrometric investiga-

tions of radiation of rockets during launching and on active section of trajectory

of their flight using a Raiid-Scan onectr-meter mounted on a RO7I-MII optical

follow-up tracking systum (21] (Fig. IX.16a).

The main part of Rapid-Scan installation in infrared monochrcamator with fast

scan, diagram of which is shown in Fig. IX.16b. Monochrcoator continuously records

intensity of infrared radiation in 0.3 to 3.6 -m strin. Frequency of scanning of

mirror is regulated within limits of 2.5-180 cycles.

Observation of rocket launchings were carried out from a distance of 50 km. from

rocket range. Simultaneously with recording of intensity of infrared spectrum

Dhotographing of flight of missile at long distances was carried out with an ROTI op-

tical system. Received data wre ccopared with spectrcmetric measuremnts to deter-

mine possibility of identification of rockets by their thermal radiation.

Installation of infrared instruments to detect ballistic rockets is assumedC to

be both on ground posts of detection, and also on patrol aircraft of distant warn-

ing service.

°T .

Fig. IX.16 b. Optical Dia-
gram of Rapid-Scan Monochro-
mator.
Mg: (a) Tipped mirror; (b)

Thermoement; (c) Rocking
mirror.

Under the conditions of active electronic counterxiaures from side of enemy,

infrared systems can be an important source of obtaining information on distant

anproaches to protec ed object. Howver, organic deficiency inherent in such



systems (dependence of efficiency on state of atmosphere), lowers their tactical

possibilities.

Problem of interception of controlled and ballistic rockets is not limited

to timely detection and determination of trajectory of their flight. It in necess-

ary to ensure guidance of antirocket rockets tc them for the purpose of destructio).

at a considerable distance from protected object.

In this case, mans of infrared technology can be very effective, espectlly

in last phase of guiding of antirocket rocket.

In first phase, the approach of antirocket rocket to a ballistic rocket is

assiuad to be carried out by radio cmmands from earth. Tracking mechanisms must

continuousl~y introduce corrections in trajectory cf antirocket rocket, considerinp

information from stations tracking the ICBM. However, even in this case, is as

shown in the press, error is very probable and as a result - miss of antirocket

rocket. Miss can be caused by er-rors of tracking systems or its chance deviation

from given trajectory due to external causes.

It is natural that in such conditions, probability of interception of ICBM

beccees insignificant. Therefore, it is proposed to supply antirocket rocket with

homing devices and, in particular, thermal devices. Thermal homing device on last

stage of approach of antirocket rocket with ICBM locks on the latter, and subse-

quent approach to moment of encounter should occur by cosmands of homing guidance

system.

High temperature of cone of ICBM and good transparency of atmosphere at al-

titudes of intercention should ensure high effectiveness of thermal homing devices.
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TH,-1'TWAL HEAD") OF HOMiN~G GUIDANCz•SY'h2

frincirle of the lassive Homing, Guidance System of' Missilies

Thereý 'xist eqeveral methods of ccntrollin.g the flipht cf pilotless devices

Prorr the oronert. of their launching *o target impa.ct. One of the forms of such

control is the mpthccd of

Tn this case or. the guided Missile

is establishe'j a special device, cJ~

coordjiiator or target, -which deterrirms

the" rositiori of the tarr'e4 relativ-~ +r,

F i. X . .Pu-l~ai-,ent~al diagrar; the obiect of the horning guidance syn--
c~f hcrrinp 9uj(ianlge system.
KiY: (la) '2cntrolied object; and prodiuces con~trol signals during
(b) Th1trpeý..

arrearance of err-or bptwe-en directiorn

_r, larrpt dnd given *1ire-:.ior. (axis of rrissile or coordinator, vector of s;eed vc

rrissilp).

The fun,' in~erwta diarram cf a horinp guidance systomT (Fig. X.11) usually

inoludes three basic FýIenents: coordinator of targe;t 41, co!-ruter 2, and mechlnisr

for corntro!"tinpg the fl irht of 'he mrissile- ?.

A hornir7 PLIdance system, can be Tassive (Fir. X.2a) and also active (Fig. X..-b)

or seitiactýivp (FPg. X. 'c).

With d rass--:P homing guidance systenr, for obtaining thp signal which rcontrols

th- f'ight of the nrissile, enoergy is is-1d, which, is radidtedl by the actual target.



Jith an active hominp puidance system, for obtaining the contmro signal enerpy

s Lsoed, which is reflected from the target du•ing its irradiation froyr the seli-

ri: .¾d missile. Therefore, characteristic for this system is the rresence on the

rissile of a special transmitter of energy radiated into surrounding space and a

r--eiver tuned to this form of energy.
I

Fir. Y.2a. Piagram of a passive 1
hominp puidance system. Fig. X.2b. l iagram of an active

hominp guidance system.

W'itY a gemiactive homing guidance system the target is irradiated by energy

frorr a sorce fixed outside the missile, and after reflection from the target it

ir "ercei ed by the receiver producing the control signal.

"- f tPassive homing ruidance systems

% ,• •require the least quantity of

equipment on a puided missilfe,

however, for their work the presence

is necessary of a contrast of energy
Fig. X.2c. Diagram of a semiactive
homing guidance system. radiated by the target (sonic, light,

thermal, radar), relative to the

radiation of the surrounding background.

Tn recent years among systems of passive homing guidance the most widely used

h as been the thernal (infrared) homing device (", ). The ;rf- 'e homing device

:onstitutes a closed follow-up system (Fig. X.3) and ncludes the following basic

e'errent-s []]: coordinator of target 1, rroducinp an error sipnal as a result of

the corparison of the entrance signal and the signal of thL main feedback; amplifyinp

element 2; executive element 3, producing a regulating influence applied to the

o1h7ect of adjustment 4, which , device element, of local feedback 6; and

main f.,Peback 7.



" ,C) (C) (01) The coordinator , f tarpet. is an

#go Noe_ ptical-mechanical devise perceivinp

thermal radiation of thp tarpet and de-

O•f . ;termining its position relative to its

own optical axis. In case of deflection

Fir. X.3. Blnzk-diagram of an of target from optical axis of the coor-

S.- homing device.
KFY: (a) Entrance signal; (b) dinator the latter produces an error
Error signal; (c) Regulating
influence; (d) Perturbing in- signal. This sipnal, after amplification
fluence; (e) Signal of main
feedback. and conversion in other eleuier.ts of the

circuit, influerces, through executive devices, the drive assembly of the head,

which roves the receiving device in such a way as to remove the error signal, i.e.,

to combine the optical axis of the coordinator with the direction to target. In

the process of tracking of the coordinator after the target electrical pulses,

rroportional to the angle of error or the angular velocity of the displacement of

*h- receivinp device, after necessary conversion, proceed to the mechanism of

aircraft control.

Tn Pip. X.4 is given an example of the tactical uso. of a passive hominp

riidance systerm in "air - air" missiles supplied with an tfra-e! hoinp device

[2].

awwoWM-0w(0 CC) After detection of an air target by

. 9."ai �� � a fighter with the help of any kind of

airborne equipmnent and aiming at it,

Fig. X.4. Attack on the target during which the infra-red hcminR device
with the help of a missile with
an "-ra-.: homing device, will lock on the target, a missile is
K':Y: (a) 7arrier aircraft; (b)
Missile; (c) Target. released. TnasmuL ýb a d b.Lvt• sy-sem

does not requirt ..adlation by an interceptor of any kind of energy, the fighter,

immediately after launching the missile, is free and can pull out of the attack.

Further guiding of the missile to the target is done by the i-:fraiel homing device.



This is one of the advantages of ir frared passive horning guidance systems -

"h', in!,#-r~eptor is in the zone of the enemy's defensive fire the minimurn necessary

'f the othe- advantages of infrared horinp guidance systems one sLould note:

_qnceaLirent of use due to the absence of t..j necessity of irradiating target,

sirrilicity of equiument, reliability of its work, and compa.ratively low cost. Thus,

for instance, the '-a c:, " miss, with a radar homing aevice is approximately I0

tmes more expensive than the "Sidewinder" missile with an - '-P hnyning device.

.n *hc "sidewinder" missile is applied only seven electron tubes, whereas in the

"calcon" several tens of then [3].

The simplicity of construction has a direct connection with its reliability.

The absence of a transmitter and rather bulky antenna systems makes an -... r,

horning device compact. which has a special value for "air - air" missiles, the

dimensions of which are very limited.

2. Thermal (Infrared) Homing Head (':

Development of the first combat models of heat-seeking guidance systems was

s'artea in the period of the Second World War, when in Germany there was created a

series of experimnental models of heat-seeking guidance systems for different typee

of missiles, which, as a result of the crushing blows of the Soviet k-imy, did not

find practica] arrlication. Ir the postwar period in Switzerland, France Italy,

1wede- and, esrecially, in the United States and Wngland these works were continued,

and -i series rf missiles with infrare-i homing devices in recent years have been

rmt in service.

"'r -'e homing derices may be broken down into two groups - tracking and

inciicator or wide-ficid.

in a tracking homing device, a block-diagram of which is shcwn in Fig. X.3,

the :ontrol signal, tnirough executive devices and main feedback, is used for removal



o-f err-or anple, anu an electrir-al -ignal, proportional to the angle of rotation

or angular velocity of disrlacement of the coordinator, is used for controllinp

the missile.

In dndicator heads, having a wide angle of sight, the controJ signal is used

directly to affect the .issile control aevice, and error is removed inmediately by

means of' simVly turning the missile.

in tracking systems applicdtion of optics with a narrow angle of sight is

rossible, which allows an increase in the sensitivity and, consequently, the rane

of , .,-.,- horing devices. Furthermore, such systems turn ocut tc be more noise-

imnune, ri-l'- ," angles of sight the harmful influence of the backgrounc

cecreases. When using tracking heads it is possible to accompany the target

within limits of significant angles, which makes it possible to expand the tactical

possibilities of guiding missiles to target.

ApFlication of narrow angle of sight in tracking heads has also its dis-

advantage; it is necessary either to have on board the carrier special equipment,

ensuring detection and preliminary guiding of the coordii itor to the target, or to

construct the head in such a way as to ensure before launch or in flight the

scanning motion of the receiving device, which complicates the equipment.

Indicator heads with wide angle of sight differ by simplicity of construction

and make it possible to manage without preliminary guiding equipment, however,

on the other hand, they are less noise - ininune and have smaller range.

Both tracking and indicator infra-red homing devices can be divided into heads

with relay ;rincip!e cf adjustment (on the principle "yes-no") and heads with

rroportional adjustment.

In heads worKing on the principle "yes-no", only the sign of the angle of

error is worked out, and not its magnitude.

Tn heads with proportional adjustment the magnitude of the control signa4. is

proportional to the angle of error.



!,epcnding upon the principle of isolation of error signal r' , homing

ievices can be subuivided into heads with p- ise, frequency, phase, and amplitude-

hase methods of Isolation of error signal.

These methods can be charact -rized by the following criteria:

pulse method, in which during the arpearance of argle cf cr.-rr from LIe

coordinator are removed separate electrical pulses, which, after their respective

conversion, make it possible to estimate sign and magnitude of angle of error with

the subsequent use of signal • . .- '

frequency method, in which different positions of the target with respect to

axis of thp coordinator correspond to signals of different frequency (Juno-i "Linse

rhase method, when. jepending upon the position of the target, from the coor-

dinator are removed signals of different phase (")nden-l"),

amrlitude-rhase method, with which, dependirn upon sign of angle of error and

its magnitude, from the coordinator are removed signals different in phase and

amT ' itude.

The thermal tracking homing device "Madrid", developed in Germany at the end

of the Second 11orld War, was intended for guiding antiaircraft missiles "'nzian"

to air targets [.4]

The "' coordinator, "Madrid," (Fig. X.5) includes parabolic mirror 1, in the

focus of which is rlaced cooled lead sulfide photoresistor 2. Tn direct proxinity

to the rhotoresistor is placed modulating disk 3 with one quadrant cut out (see

FiP. Y.6). Synchronously with the modulating disk revolves the rotor of the

switch 4, ensuring four switchings for one turn.

When radiant flux from t he target falls in the field of sight of the instrument

the mirror creates, in the focal plane where the photoresistor in placed, an 4---.

of the target in the form of a circle of scattering. Besides from the photo-

resistor there will be removed pulses of photocurrent (voltage) with frequeacy



determined by the speed of rotation of the modulating disk. After amplifier 5,

tuned to frequency of modulation, these signals move throuph the distributor of

the cormutator to windings 6 of relay3 Pr, PB' affecting controls by position of

coordinator.

If the image o" the target is in

the center of -.he field of sight (angle

1 of error is equal to zero), then both

windings of the relay are disconnected,

. since modulation of flux is absent, and

the tracking system remains in the former
Fig. X.5. Diagram of the

.t-e,,i homing device position. Control signals actuating

"Madrid".
missile controls are zero; the missile

controls occupy a neutral position.

During displacd.ent of image from the center of the field of sight there appear

modulated signals, proceeding through the couwiutator to windings of the relay.

Depending upon what quadrant the image of the target is in, the signal will enter

the corresponding winding of the relay so that the actuating mechanism turns the

coordinator in the direction of a decrease in angle of error. The coordinator

during the turn works the control signal which actuates the missile control in such

a way that they turn the missile until its longitudinal axis combines with the

direction tn target.

In the "Enzian" missile to control the operation of the head there was applied

an electro-pneumatic device, ensuring a speed of tracking .arget of 2C deg/sec

durinp a tracking angle of + 3C*. Angle of sight of the optical system constituted

4 30. Air necessary frn nroy+"ation was 1'- a wi,-all steel cylinder. Weight of the

"Madrid" head was equa] to 5 kg the number of electron tubes 3-4. Range with

respect to aircraft constituted on the average 2-3 km.

Although the r . homing device "Madrid" produced electrical signals of



error in the form of single pulses with a definite following frequency, in the

homing device "linse" signals of error differed in frequency, depending upon the

rnsition of the target relative to the optical axis of the coordinator.

The n'-,'rei homing device "linse" with a 16-200 angle of sight, according

to the earlier considered classification, belongs to the indicator type.

T. Jistinction from the preceding head thin instrument had two modulating

disks (Fig. X.6), established in the focal plane of the optical system, behind

which was riaced the photoresistor [4, 51. Every disk has two rows of lots each;

the number of them in each row i'j different. During rotation of disks there are

formed four covered fielcs with different frequencies of modulation. Depending

uron which of the fields gets the image of the target, at the output of the

arrlifier of photocurrent will be formed a signal of a different frequency. When

the image of target is projected at point A, there will be no signal from the

rhotoresistor. From the output of the amplifier a mixture of various-frequency

sipnals enters the electrical filters, each of which is tuned to one of the

frequencies created by the modulatingr disks.

Th; work of the filters it is possible

to trace in the examprle of the diagram

of control signal emanation along one of

.u# ; h*'4" the channels of control (for instance,

vertical). Control for this channel is

ensured with the help of two opposite

.3,k•",2J •l"•4.##'(•fieidm (1-3, 2-4), formed by modulating

Fig. X.6. Modulating disks of disks.

coordinators of' c-ar'taln infra- The diagram (Fig. X.7) contains two
red homing devices.
KEY: (a) "Hamburg"; (b) "Madrid"; filters tuned to frequenicies of modu-
(c) "Wen"; (d) "T~inse".

lation by fields f and f2 . Filters are

connected to the anode circuit of the

;)o



last tube of the amplifier and have transformer courling with rectifiers B, and B

2'

assembled on bridge circuit.

If frequency of signal fl coincides with frequency of adjustment of filter oit

then on clamps of secondary winding of transformer T will appear alteruating

voltage, under the effect of which through resistor • will flow rectifi-d current

i,. On terminals a, b of relay P will appear voltage + u. The relay will operate;

contacts K will clos- and voltage will pass to solenoid S Core of solenoid with

the help of rod T is connected with missile control vane, which, deviating,1

creates control moment, correcting flight trajectory of missile until the optical

axis of the coordinator coincides with direction to target. At the moment they

combine the signal to output of coordinator will become zero; the relay will release

contacts, disconnecting thereby the solenoid, and the control vane will stand in a

neutral position.

If frequency of modulation f 2

a coincides with frequency of adjustment,

Sof filter 02, then on terminais a

and b of relay P will appear voltage

" {u and the relay will switch on

solenoid 32, ensuring thereby the

Fig. X.7. F'undamental diagram of movement of the control vanes of
emanation of control signa] along
vertical channel in a head of the the missile to the other side.
"Linse" type.
KEY: (a) Sensitive element; (b) On the phase principle of
Modulation disk.

control signal emanation was de-

veloped the nf raro: homing device "dmden-I," an indicator type with a 200 angle

of sight.

In this system the modulating disk was made in the form of an Archimedes spiral

(see Fif. X.b) and made it possible to obtain, in a polar system of coordinates,



sifnals of errors, differing from each other ini phase, depending upon the positi in

of target relative to the optical axis of the coordinator.

Synchronously with the modulating disk revolved an a-c generator which was the

generator of support sinusoidal voltage. The phase of pulses of photocurrent,

issued by the coordinator, was equalled with the [hase of supiort voltage. The

rhase difference, sepairated as a result of comparison, was used to create a

control signal -emoving the error between the direction to target and the optical

axis of the coordinator.

An exaz-rle of the practical use of Lr frare'i homing devices cn combat rockets

ar- mnissiles of the "air - air" class, the "Sidewinder" and the "Falcon" GAR-2A

('.he United States), the "Firestreak" (Fngland), '3-7 (Italy), "'matra" T-510

(France) [12J. The most wide-spread of this series, the "Sidewinder," is intended

".or action on air targets and has a lenpth of 2.75 m and a diameter of nearly

r.125 r.

The infrarri homing device (Fig.

3 X.8) is placed in the nose Fart of the

missile and is covered by a spherical

cowl 2. The coordinator of the head

Fig. X.8. 'nfr-red homing occupies a section nearly 10 cm lonr.
device of the "Sidewinder".

For gathering and focusing infrared

radiation of target I is applied mirror objective, consisting of parabolic 7 and

flat 8 7rirrors. !Diameter of parabolic mirror is 8.9 cm. Anele of sight of ob-

O'ctive, in the focus of which is placed uncooled lead sulfide photoresistor 3,

is equal to 4O. Before lock-on the optical system accomplishes a scanning motion.

Thermal radiation of the target is modulated by a disk-modulator,revolving with a

sreed of 30 rpm. Fiom the photoresistor is rcmoved the error signal, proceeding

-o amplifier 4 and, after adjustment of coordinates to the actuating servo-motors

.1-ich control the control vanes of the missiae. Weight of the bead is 9 kilogram.



Tn .he missile is arplied a noncontact electro-optical detonator, exploding

the warhead durinp flipht near the target at a distance not mre than ]0 m.

As shown in literature [8], the "Sidewinder" (Fig. X.9), in spite of ita

simplicity and the small dimensions of the homing device, pose-ss high accuracy

of hit and in a number of cases knocked off flares, securec on a flying target,

without damaging the actual target.

Effective range of the infrared

homing device constitutes a magnitude of

B Ithe order of 3,300 M.

The %'nglish missile "Firestreak"

is supplied with a more complicated

thermal head with mirror optics. The

nose cone of the head is made in the form

of an octahedral pyramid from thin plates

of optical glass (Fig. X.1O).

In the press it was reported that
Fir. X.9. The "Sidewinder"
knocks off a flare during the infrared homing device of the
tests.

"Firestreak" has a range for aircraft of

the "Meteor" type at low altitudes by day - 8 I=, and at night at 3000 m - 18 km

[8j.

"L "The great range of the homing device

makes it possible to accomplish lock-on

before launch of missile from carrier

aircraft. After launching of missile the

carrier aircraft can pull out of attack,

since further tracking of target is

carried out by the self-contained infra-
Pig. X.1O. The "Firestreak"
with thermal head. red homing device.
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3. Noncontact Electro-Optical Detonators (nOV)

To increase probability of s t riking target with inaccurate guiding of minsile,

noncontact exploding of warhead in dire:t proxivity of target is applied. Usually

the distance to target, in which the detonator must automatically fire, is de-

termined by the type of missile, the pow:!r of the warhead, the radius of striking

action of fragments, and it varies within 15-50 m for different types of missiles.

The application of noncontact detonators makes it possible to obtain a

cornparatively high probability of hitting even such maneuvering targets as air

targets. According to data available in literature [11], the probability of

striking an air target with a missile equipped with a noncontact detonator attains

80-90!, whereas the probability of a direct hit constitutes a magnitude of the

order of 60'*.

As a source of information about the flight of the target can be used

different physical criteria (separating, by contrast, the target relative to the

surrounding background); radio emission reflected from the target, proper radio

emission of the target, intensity of magnetic or electrostatic field around the

target, sonic or ultrasonic radiation, and also thermal radiati , of the target

and optical contrast of the target with the surrounding background.

At rresent, most widely used for air and ground (above water) targets are

radar and electro-optical noncontact detonators.

For the case of application of electro-optical noncontact detonators, in

Fip. X.11 is shown the change of a physical parameter, which is a source of

information, and the signal which determines the w,..ent to explode the amun'tion.

Tn principle of action electro-optical noncontact detonators (NOV) can be

broken down into three groups:

a) using as a source of information about flight of target the thernal

radiation of the target (passive systems),



b) using (reflected from target) modulated radiant flux, radiated by the

missile itself (active or optical-radar systems),

c) reacting to visible contrast of the target relative to the surrounding,

background (contrast principle of action).

=nom •CO Ir. Fig. X.12 is depicted one of the

diagrams of a passive electro-optical

detonator (first group), consisting of

(t) receiver of radiation 2 placed in the

focus of a toroidal lens with circular

Moo_-_-- scan 1, unit of amplification of photo-

Fip. X.11. Change in time electric signal 3, thyratron relay 4 an'i
of distance to target, its
radiation, and NOV n1ig . cartridge 5.
KY: (a) Yissile; (b) NOV;
(c) Target- (d) Distance to %s a receiver, as a rule, are
target; (eS Radiation of
target; (f) NOV Signal; (g) applied photoresistors with sensitivity
Level of NOV operation; (h)
level of noises, in a range of wave llytn s , :. -

with the spectral curve of radiation of the target. For a guarantee of circular

scan the film of the photoresistor is on a sublayer of cylindrical form.

The form of toroidal lens and position of the photoresistor are calculated sc

as, first, to ensure the necessary field of sight and, secondly, the slope of it

forward along the flight of the missile. The angle of inclination of the axis of

the radiation pattern is chosen depending upon the flight speed of the missile and

the time lag of the detonator circuit with such calculation that after irformation

enters and before exploding the ammunition the missile does not pass the target.
The •nit of amp - ---- to--.-.--nt con-.itutes, as a ,--a, r OjJ-Le-tube

amplifier of alternating current with a large pass band (pulse amplifier of signal).

From the output of the amplifier a pulse of amplified signal joins the control

grid of the thyratron, in the anode circuit of which are included the cartridge anci

battery. After ignition of the thyratron in the anode circuit will move current,

which will trigger the cartridge and explode the ammunition.
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In the absence of a heat-radiating target, on the photoresistor falls radii .ion

from a uniform background (for instance, the sky). The current in the circuit of

the photoresistor will change little; consequently, from the output of the amplifier

will move to the control of the thyratron voltage, insufficient for his operation.

The distance of operation of such an NOV is determined by its sensitivity, the

emissive power of the radiation of the target in a given direction, and the mete-

orological conditions.

It is natural that when outside thermal sources of sufficient power fall in

the field of sight of the NOV there can occur false operation of the detonator

and premature explosion of t. warhead.

Therefore, to increase operational reliability of the detonator it is necessary

to apply a series of measures decreasing the probability of premature explosion of

'he missile on various kinds of heterogeneities of background (clouds illuminated

by the sun, solar and moon radiation, radiation of certain ground heat-radiating

objects, etc).

Among such measures are:

a) use of narrow-band infrared

filters in front of the photoresistor,

I I € which separate only the radiation

_. J characteristic of a given target,

Fig. X.12. Fundamental diagram b) connection of two photoresistors
of a noncontact electro-optical
detonator. by bridge circuit in opposition. In

this case radiation from heterogeneities of the background, as from the areal

object, will get on the two photoresistors and compensate one another. When in

the field of sight there will appear a target (point object), then on one photo-

resistor will fall radiation from the target and background, and on the other - only

from the background. As a result, in the diagonal of the bridge will appear

differential current, sufficient after amplification, for operation of the thyratron

re] ty.



c) application of timed blocking of =map -spply to NVD circuit so thAt the

detonator goes into operatiort after a definite time necessary for approach of the

missile to target. Such blocking may be carried out either with help of a time

relay or with the help of a forced feed of electrolyte to the storage batteries

through porous partitions after launch of mishile. The latter method has found

arplication in a detonator for an antiaircraft missile of the United States. In

it the power supply battery is in a dry state, and the electrolyte in kept in a

vessel with porous walls. After the shot, as a result of accelerations developed,

the electrolyte under pressure passes through the pores of the walls to the storage

battery and brings the detonator into operation.

An example of' an active or optical-locating noncontact detonator (second grour)

can be the elsctro-optical detonator "Pistols," developed in Germany i!, the period

of the Second World War.

The detonator "Pistols" (Fig. X.13) had source of infrared radiation 1,

placed inside revolving cylinder with slot$ 2. Modulated radiation spread in a

radial direction (perpendicularly to the direction of motion). When the missile

flew near the target, a modulated reflected signal from the target was perceived

by the receiving optics of the detonator 3 and headed to the receiver (photocell)

4. To amplifier 5 proceeded variable photoourrent with a frequency equal to the

frequency of modulation of the source of radiation. After passage through

electrical filter 6 the signal brought into action executive relay 7 of the det-

onator and caused explosion of warhead. The presen~ce of modulated radiation and

narrow-band electrical filter, tuned to the frequency of modulation, ensured

heiFhtened noise immunity of the circuit of detonator, since variable signal from

oscillations of the radiation of the backgroud wa held back by the electrical

filter and did not enter the executive relay.
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I Jectro-ortical detonators of the

third prour constitute thp usual photo-

relay and work, as a rule, in the visible

region of the spectrwr.. Their essential
ý'ip. X.13. Block-diagram of
active cleotro-optica] det- deficiency is low noise immunity due to
onator "Pistole".

o, -ation on the boundaries of objects

havinp various briphtness or colorfulness. Due to thisi, such d-t~•a.tors have not

founn rra:tical a-rlicatiorn, although they allow noncontact explosion of the

warheal near The tarpet.
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C !, A I T E R X1

FFFF-T1IVENSS AND RANGE OF INSTRLVF)2TS OF INFRAREL tCHNOLOCY

2. Peculiarities in the Construction of Passive
Instm-nents of Infrared Technolo2

'.'hen designing and operating instruments of infrared technology of the

rassive principle of action, we encounter, mainly, t.hree groups of factors de-

terrmining the effectiveness of the application of instruments in practice, namely:

a) radiation of the target and background,

b) propagation of rauiation energy in the atmosphere,

c) parameters of the receiving device converting rpdiation energy into a

corresponding electrical signal.

Tt is -ossible, actively, to influence only the parameters of the receivinp

device, including the optics, the scanning device, the sensitive element, and the

electronic circuit. Also here, more or less, the choice breaks dowxn only to the

characteristics of the sensitive element and, to a certain degree, of the optics.

Fýr selection of characteristics of the sensitive element and the optics one can

determine optimun range of spectral sensitivity of the receiving device, its inteFr.Y1

s'nsitivity, tly-- e , aran overall dimensions of the entrance pupil of the optics.

It is necessary also to know the radiant flux proceeding from the target and

determining the integrity of the action of the instrument on the whole and also

to estimate tl , harmful, interferring radiation of the background, in order to

decrease it in the appropriaLe way and to make the instrumzent serviceable in

interference conditions.



'urinF, aprraisal of radiations of target and background usually is determined

srec-ral density of radiation of tarpet (r.), the radiation ability of its surface

(#)) and the wave length of maximun radiation (X ). The last is interesting

by the fact that near rX spectral density of radiation is proportional to the

fifth degree of temperature, while the total radiation is proportional to the fifth

degree of tenperature, wh,.ile the total radiation is proportional only to the fourth

degree.

Having obtained the

S)necessary data about radiation

S000 a2of the target, it is necessary

to estimate its weakening in

r, ls atmosphere at the required range

8 8 It 0 114 19 14 of the instrument. This may be

carried out by plotting a curve
Fig. XI.1. Radiation of a gray body
with T -100 0 C before and after passage of spectral transmittance of the
through an atmospheric layer of 1.85 lm
(020 - 18 mm). atmosphere on a curve of spectral

KI:YY (a) Spectral density of radiation, density of radiation and

mA W ; (W Wave lenrth, multiplying the correspondLig

ordinates. If curve P is

Flottea in absolute energy units, then the area limited by curve rl c, characterizes

qualitatively and quantitatively the raaiant flux (during calculation of un-

selective weakeninp) proceeding to the objective of the receiving device. As an

examTre, in Fi,. XI.1 are given curves of radiation of a gray body (a 0.5) with

temrerature of the surface 100 0 C before and after passage through a layer of atmos-

phere.

As can be seen fr,-,m the given curves, after passage through the atmosphere

radiation enerpy enters the receiving device practically at two spectral intervals

-. C-5•. and 7.5-13.5 M . As temperature of radiating, -urfaces decrease an even



preater specific gravity is apportioned to radiation in the range of waves

7.5-13.5 .

Such a praphic const ruction makes it possible to determine the optimum region

of sensitivity or the developed instrument based on the possibilities of the

sensitive element and the spectral transmission of the optics.

Frequently it is necessary to resulve another rroblem: to choose the spectra'

range of waves in which sensitivity of the equipment to change of temperature woulo

be the highest. Such a problem, in particular, Is encountered during the Oe-

veloiMent of radiation pyrometers and receiving head of heat detection equipment.

In this case, while differentiatinp Planck's equation with respect to

terr.erature and dividing the obtained expression term by term by ra, we have

I "• C C

lf C, is large as compared to the second member, then formula (XI.]) can

be rewritten in the form

dT -W- •(xI.2)

The obtained expression considers rate of charge of s9 "ctra] intensity of

radiation density with change of temperature of the body with a yrecision of 1%,

i f AT<O.30 cm-degree, and 10%, if %T<0.60 cm-degree.

In Fig. XI.2 are plotted curves of spectral intensity of radiation density of

an ideal black body with a t'•mperature of 5000K (w.cm-2.A -1) and the rite of its

change (w-cm- 2 . $-l.degree-l).

From curve P, it is clear that on it are several paired points with identical

spectral intensity of radiation density at various wave lengths (for in2tance, at

3.5 and 11 ps ). If one were now to turn to curve •- , then it would become eviaent

that the most profitable region is the region near 3.5 u , since here, during a

change of temperature the same number of degrees, the change rate of spectral

density of radiation will be higher than nearly 11.0 m . The final selection of



spectral interval in this case it is possible to make only be considering the

operationai peculiarities of the instrument, its purpose, the influence of the

atmospnere and the possibilities of the sensitive element.

#-1 There may be loss o~f 1-nergy in .he

e• atmosphere, and it would not present11'I I I Iserious obstacles for the development o1'
Vs, - instruments of infrared technology, if

-'l - - -- there were available corresponding,

N lhighly sensitive elements with wide

I I i I spectral characteristic. In rractictL it
," 6 A" bug,,. MM

is necessary to work with sensitive

Fig. XI.2. Spectral intensity elements possessing either high sensitivity
of radiation density of an ideal
black body with T = 500 0 K and the in a narrow spectral band (photoresistors,
rate of its change with change of
temperature. photodiodes) or comparatively low sensi-
K,ýY: (a) Spectral intensity of
radiation density rA ; (b) Wave tivity in a wide range of wave lengths

length, A .

(thermoelements, bol]ometers).

Selection of a sensitive element after effective value of receivable radiant

flux has been established should be made, while considering its spectral sensi-

*ivity, volt sensitivity (v/w), threshold of sensitivity (w), time lag and

utilization factor of a given radiation. Moreover in each concrete case it is

necessary to go into a compromise solution. It is not -1b1 Irator. to select a

sensitive element with a wide spectral characteristic or with maximum integral

s-nsitivity (by minimum equivalent power of noises), since this can Lead either

to corjlication of construction (to demand deep cooling) or to an increase in time

lap of the system (do in the case of PbS). Frequently it is necessary also to

consider the necessity of filtration of interferring radiation of the background.

(Ine of the basic requirements during selection of a sensitive element. is
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maxin'um conversion of radiant flux reaching it:

is. m ' rsS•3,, (XI .3)

where 1, - spectral transmittance of optics, Ineluling filter.

Calculation of this integral may be performed graphically. For that, for

instance, on curves rP% (see Fig. XI.i) are put curves of spectral sensitivity of

the photoresistor and spectral transmission of the optical system. Multiplying

ordinates for each wave length, we will obtain curves limiting areas proportional

to the output of the sensitive elementi.. for a given radiation.

Such a methcd of appraisal allows us to compare the effectiveness of a

sensitive element to radiation with a given temperature or the effectiveness of a

sensitive element to radiations with various temperatures.

In Fig. XI.3 is given the calculation of *,# for lead sulfide (-78eC) and

lead telluride (-185C) photoresistors with respect to the radiation of a gray

body with a temperature of 1000C (0 0.5).

During the appraisal of effective radiation, the effect of the transmission

of optical components of the receiving •-vica, including the filter was not

considered. Therefore, the given curres characterize only effective spectral

intensity of radiation density of target (w/cm3 ), perceived by the sensitive

element after passage by radiant flux through the ataosphere.

As can be seen from the given example (see Fix. XI.3), the effectiveness of

lead telluride is higher than (area as) lead sulfide photoresistors (area 0,)

because of its large region of spectral densitivity. Effectiveness of PbTe grows

with ,--r-ai;"of radiation temperature of target and increase of cooling depth of

sensitive element. The latter is illustrated by data of . S. :,,kk (1], which

presents the following relationships of output signals for FbS and PbT. ,

reception of radiation of an ideal black body with a temperature of 500hK at a

distance of 1850 m:

PbS(90*X): PbS (293:K) = 4.5;
PbTe(90K): PbS (9O) = 5.2;
Pbre(9o*g): PbS 93"K) - 2.4.
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-.. jThus, if PbTe and PbS have identical

I •TZj I sensitivity on wave lengths corresrondinp

to maximum sensitivity,thnFewilb

approxim~ately 24 times more sensitive

# than PbS at room temperature for the

registration of total radiation with a

.1 temperature of 500*K. In reality integral

1 4 g sensitivity of PbTe is somewhat less

than the sensitivity of PbS and, therefore,
pig. XT..3. Reaction of
PbS(-780C) and PbTe such an advantage is not obtained.
(-1851C) to radiation
with T = 1000C. With such an appraisal of a sensi-
KY: (a) Effective
spectral density of tire element, naturally, the question

rd n ;appears about the expediency of chanping
Wave length, u.

to systems with wider bands: lead

selenide, indiur antimonide and germaniun, especially for registration of low-

temr-erature radiation. Such a transition may be justified only if the spectral

mirve of sensitivity of th" photoresistor and its maximum are inside window of

tran3parency of the atmosphere 7.5-13.5 p . Otherwise, expansion of the region

of spectral sensitivity of the photoresistor as compared to PbTe gives no advantages,

since in the region of 5.2-7.5 P the atmosphere in its lower layers is absolutely

opaque*. (,rowth of effectiveness of sensitive elements with longer wave lengths

durinp registration of low-temperature radiation at great heights and in space

will take place in any case.

The ccnsidered criterion for the appraisal of receiving devices of infrared

technology, founded on the calculation of the effectiveness of using the spectrum

of radiation, allows us to estimate the effect of target and background radiations

*Application of a bro•i -band sensitive element can give a well-known advantage
when its sensitivity in a wave range of 3-5.2 A& is higher than for PbTe.
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on any sensitive element, and also to determine the most optimum conditions of

filtration of background.

If one were to construct the dependency of spectral effectiveness of radiation

,nergy for any sensitive element (for instance, PbS) on the temperature of a black

body, then one can determine not only optbimm target temperatures for a given Bystwn,

but the depree of intarferring action, of radiation sources with other temperatures

(Pip. X.14).

In the case of a system with PbS optimum temperature is 1700*K, since the

syst.r obtains 22% total energy. The system does not react to intrinsic emission

of' clouds (273*K), and the reaction to targets such as a jet noszle of an aircraft

(700K) is sufficiently high. However, it possesses alnost the same sensitivity

to reflected solar energy and, consequently, is subject to significant influence

of background.

When designing infrared equipment the problem of weakening the interferring

radiation of the background is the most difficult, since the background can be

various sources of proper or reflected radiations: . -

't j c: 1 rlc o." Z•r'_h ýind t~he Moon :, ,'o: o? oviect.s

E¢ -Control of harmful

gin ._ -background radiation can beV -
produced by various methods: a

means of isolating target by its

... dimension, isolation of intensity

- - .of radiation, or a method of

-L L • optical filtration [2).

(' C @. W The method of optical
Fig. XI.4. Reaction of PbS to
targets with different temperatures: filtration is the most wide-
1-system with PbS; 2-system with
optimum filtration. spread in instruments and consists
KPf: (a) Spectral effectiveness; (b)
Temperature, *K.
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of the following. If spectral characteristics of target and background radiations

are known, then it is possible to select filters which will pass a large part of

target radiation and almost completely cut out background radiation.

In the -ase of the application of instruments by day, basic interferring

background it is possible to consider reflected or scattered sunlight, the

spectral composition of which is near to straight solar radiation. Sun at a

temperature of T. = 60000K radiates a spectrum with wave iength .amc = 0.5 1A

5YV) of the energy in which belongs to the infrared range with wave lengths more

than 0.7 L , 25% - to the region over 1 AA and 2% - over 3 u • Therefore, the

basic problem of filtration in this case is cutting out the visible and near-wave

infrared radiations during simultaneous transmission of maximum target radiation.

5ince the temperature of the target is always significantly lower than the

temperature of the Sun, this method is sufficiently effective if transmissior of

the atmosphere and the optics is known.

In the case of the application of equipment at night or on targets with

maximum radiation on waves over 4 ju the interferring background may be the

radiation of the actual medium, earth and atmosphere. In this case it is necessary

to cut uut long-wave radiation that may be attained by means of a corresponding

combination of photoresistor an Long-wave filter.

Using the method of optical filtration, it is possible significantly to in-

crease effectiveness of the receiving device during work on comparatively low-

temperature targets. Thus, in Fig. XI.4 is Riven the curve of spectral effectiveness

of an infrared system during optimum filtration, from which it is cl'mar that in

this case reaction of the system ic maximum (0.317) for radiations with temperature

near 8830 K during sharp suppression of sensitivity to interferring background.

However, this method in practice will not apply if the temperature of the

target is close to the temperature of the background or when radiation reflected

from the background and radiation of the target possess similar spectral

characteristics.



For isolation of a target in this came it is possible to use differences in

dimensions of target and background. Many dliagrams of target isolation, founded

on this principle, have been developed, scre very complicated; however, in the

basis there is assumed always the assumption about the -*int character of target

image on the sensitive element and about heterogneities of th" background having

finite length.

This allows the moc 4ation of target image without modulating image of

background, or the development of an analyser in the form of a system of an opaque

element (periodically introduced in the field of sight) with dimensions equal to

the dimeitsions of target image. Then, if infrared radiation, after introduction

of the opaque element, attains the sensitive element, this indicates that the

surface radiating the infrared beams is larger than the surface of the target and,

consequently, is a heterogeneity of the background.

2. Criterion for Appraisal of Effectlyveus of Passive T frared Systems

The efficiency of infrared systems it is possible to estimate by different

parameters. However, in instruments of military assignment and, in particular,

in instruznents of detection, fire control and homing guidance system, from which

a large range is required, a criterion for appraisal of effectiveness can be the

ability to reveal the target in the presence of noises. Therefore as a criterion

during appraisal of the efficiency of passive instruments of military assignment

one should consider the minimum signal which may be revealed on a background of

noises camouflaging the useful signal.

Noises in instruments of infrared technology are basically from two causes:

a) noises of electronic systems during mechanical vibrations or during the

work of follow-up systems. These noises are changed in time, and in correctly

designed systems the basic sources of noises will be the sensitive element and the

amplifying circuit;
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b) noises appearing from a heterogeneity of atmospheric radiation, background

of sky or earth. These noises are the result of either direct radiation of the

5un, reflection or scattering of solar energy, or the intrinsic emission of the

natural background. They endure comparatively slow changes in time and, therefore,

are estimated by their space distribution.

?haotic fluctuations of radiant flux perceived by the sensitive element, in

character, little differ from set noises in the receiving device. We cannot

separate them until the level of receivable infrared energy exceeds the level of

set noises of the sensitive element. Therefore, sensitivity of equipment it is

possible to estimate also by the level of its set noises - the threshold of

sensitivity (in foreign literature - equivalent power of noises). Under threshold

of sensitivity we understand the rownr of the infrared radiation in watts on

entrance of the sensitive element, which creates on output a signal equal to the

iverage-quadratic value of the level of noises in a correspondinp' band of

frequenc ies.

The idea "threshold -f sensitivity" (equivalent power of noises) pertains to

tb- sensitive element. Since infrared systems include other sources of noises,

then for an operational characteristic of the instrutment on the whole (in conditions

of detection or tracking) an idea about the minimum threshold of sensitivity of the

equipment is expedient for the guarantee of reliable worm. The ratio of these

rrapnitudes determines the sirnal noise value, at which the system will work

re~iably. Usually when de-ipning infrared passive systems with scanning, the

sipna'-to-ncise ratio is equal to 3-5.

The signal-to-r ,ise ratio allows us, by the known magnitude of noise, to

estimate the range of the infrared equipment.

Tf we completely disregard noises of the backpround and radiation of

components of the equipment before the sensitive element, then the range of the
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passive infrared syst m may be determined from relatiorshir

C.S V* a (Xl.4)

where - signal-to-noise ratio,

N(Af) - average-quadratic value of noises of the sensitive element. ir. a given

Af band of frequencies,

S4 - area of target, cm2 ,

So - area of entrance pupil of objective,

r, - spectral density of radiation, w/cm3 ,

- transmission of atmosphere,

- transmission of optical system,

S, - spectral sensitivity of receiver,

L - distance to source of radiation.

3. Range of Passive Infrared Systems

Range of passive infrared systems depends on many factors, which sometimes

cannot be considered. However, tentatively, the range of a passive infrared system

may be estimated if it is possible to estimate the radiant flux reaching from the

target to the sensitive element and compare it with the threshold of 5ensitivity

of the equipnent i. (equivalent power of noises), expressed in watts. Such

calculation of range, valid in the absence of background radiation, may be performned

by the formula

L ~ a%,¶.Cos a Cos. (XI.5)

where aP - angles (Fig. XI.5) between line of observation. normal to radiating

surface S,, , and normal to plane of objective S, , :'espectively.

In expression (XI.5) enter integral magnitudes of emissivity . , transparency

of atmosphere ra and optics To with respect to radiation with temperature T. and for

a given sensitive element. Therefore, the magnitude of threshold sensitivity 1),



shouldI be deterrined based .)n the •°ven srpectral distribution of tarpet radiation,

transmission of the atrnosyherp, and sensitivity of the receiver, which presents

known inconveniences, 3inc6 rated val]ie C always is given with respect to radiation

wit) a fully defined teroerature. Furthermore, for a given radiation and spectral

-haracteristic of Lhe sensitive elment it is necessary to determine effective

÷.ransmissL•n of atmosphere and optics.

The compIxity of such calculation c-nsists in the determination of effective

rar~ant flux acting on the sensitive element. A method of calculating effective

flux by grarihc means was considered in Section 1. As a result of graphic inte-

Pration, the limitr of ,which, in practice, are restricted by the spectral interval

ol sentmitivity of the receiver and the transrarency of the optics (X,-A1 ), there

is dotermined the effective value of radian* flux acting on the receiver (w/cm2).

The given method is acceptable for calculatirnp range of passive infrared

systems tntended for work at nipht when the equivalent power of roises of the

s, nsitive eleanent (average..quadr~tic value of noise) is determined by set noises

of tr.e sensitive layer and '-3 crose to the -ated values. By day, when value N is

(-tpririned b~sically by noises of Lhe backg-und and cannot be sufficiently

•-:curately considered, such a calculat~on can give noticeable errors.

in the onsidered methods of

appraising the z-anpe of passive infrared

systems, transparency of the atmosphere

is practically considered for a limited

laycr along corresponding curves. The

Fip. XL.5. (Calculation of range error w-ill not be too Preat if one
of -aasive s"Stpre.
ir.'Y: a) Target; (b) rntrance rememberb that the greater the layer of
wind--*; (c) r)ptical axis.

abscroer, the less the additional

atsorrpjon c--ises increase of laye.' of atmosphere. Experimentally, it is established

"*'at a ncticeable change of atmosi~heric transission (esrecially at great heights)



with incr'edse in it. tFickness over 2 km is not observed. This allows js -.o usp

.TJp~y'E exTerinental curves of transparency of atmosphere without introcuctior (,f

noticeable e-ror in calculation of range of infrared systems.

in
'aIc.'Jatig the range of pabsive infrared systens by the considerec forz.u;as

i6 suffic~entiy iabor-consuming. Therefore, attempts to construct nomlgraphs for

the ca.cuiation of the range of passive infrared systems were undertaken. rne

such nomograph (&eymourts nomorraph) is presented in Fig. XI.6 131.

The nomograph is plotted in accordance with formula (XI.6) under followinp

assurflt ions:

1) radiation of target is modulated with a frequency not exceeding a 4jini*t

1eterrinec by the time constant of the receiver;

2) sensitivity of receiving device is limited by set noises of the receiver cf

rdciation, and the signal-to-noise ratio i5s 4;

3) image of target is completely inscribed in the dimensions of the sensitive

eienent:

where dl -A - spectral factor;
0

K - proportionality factor;

. - radiation intensity, w/sterad;

- spectral transittance of atmosphere, averaged for spectrd.

wavelength interval of sensitivity of the radiation receiver;

- spectral transmission of optics;

- limiting sensitivity of receiver (equivalent power of noises)

D
f relative aperture of optics of system;

A -arameter of scanning;

Aiu .umber of sensitive elements;

4- time of frame, sec;
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* - field of sight with respect to frame, sterad;

- time constant, sec.

Having determined the scanrning

la if5 . parameter of .he infrared system, we

- connect corresponding point of scale r

with value of reldtive aperture. Then we

Sz-connect Trint of intersection of a given

M.- curve with auxiliary line a with definite

" a value of spectra] factor A. Ftange of the
AP- -Z9.

. $infrared systemr in miles is calculated on

5 1t scale L.

- If on the receiver *.ultaneously

a act fluxes from. target and su di
- , 

ul si n eo dinly
5 "5 background, whose radiation cannot be

2V" filterea, then it is said that the system

works on thermal contrast. Range of the

- -system may be determined based on the

fo] lowing consideration.

"rM "-ffectivz radiant flux, perceived by

Fig. XI.6. Nomograph of the receiver from target and background*,
calculation of range of
r-assive infrar-d system. obviously, will be defined as

*.= 1TS* a .gColt a Cos

11seful signal on output of passive infrared systen will I< oporticnal to the

difference between the total flix from *he target and the part of the. 'ckr d,

'Tndices *,* azid cup in expressione pertain to radiation of background and
tarpet, resjectively.



not. covered by The target, and the flux from the background is

a®=¢+% ®,,(XI. 7)

whefre
a.* =,,r', (s.- s,) a cos

•'onsequerntly,

Tf one were to take A4D-vD. then by analogyt with expression (XI.5) one can

dplerrine maximum range of such a system

If difference AO is 16so than the threshold sensitivity of the receiving device

of the infrared system, then the latter will lose the target.

4. Range of Active Infrared Systems

Active infrared systems find wide application in instruments of night vision,

\ rifle night sights, and range finders. Such systems include sources of radiation

cf either pulse a:tion or continuous burning.

The principle of action of active systems, independent of the type of

radiation source picked up by them, consists of the following. A high-intensity

source of radiation, placed in the focus of a reflector and covered by an infrared

filter, irradiates tl'e target. The radiation energy reflected froem the target is

perceived by a receiving system and is focused on the sensitive element which

a corresponding signal.

The effectiveness of active systems, to a very strong degree, is determined by

the weakening of radiant flux =• the atmosphere and, consequently, by meteorological

visual range D.

Range may be determined based on the following considerations. If radiation

intensity of a searchlight is designated by t7. then irradiance of object & at



distance L froi. the searchlight may be calculated from relationship

too.=_J. e" (Xl.9)

where • - attenuation factor of atm•o•rkPe averaged for the spectral int-rnva" of

sensitivity of the syster.

As a result of the reflection if radiant f-lux from an object in the plane of

the 'Tbjective of the observation instrument, there is created irradianee

if V S.(x .20)

where •o1-SOO -- radiation intensity of radiant flux reflected from the object

in the direction of the observation instrument.

If one were to produce corresponding conversion and to replace magnitude of

attenuation factor by effective visual range (visual range in a given range of

wave lengths, for which it is possible to take value of attenuation factor•), then

exrression (XI.I0) after taking the logarithm will take the form

201.,-L'=41ogL IigSp + 45L 0xi.11)

where j*- threshold sensitivity of observation instrument;

D - effective distance of meteorological visibility.

"Pertain authors defire the logarithm of ratio r as a quality of an infrared

active system G, characterizing, how many times greater the order of magnitude of

radiation intensity of a searchlight is than the threshold sensitivity of an

ofbservat ion instrument.

Solving equation (XI.ii) with various values of system quality, it is possible

to construct the dependency of the range of an infrared active system on the

meteorological visual range with various values of G.

From Fig. XT.7 it is clear that during quality of system G = 8 an increase in

meteorological visual range from 100 to 500 m gives the samc increase in range of

system as an increase in quality from 8 to 18, which corresponds to an imFrovement

of the system i0lO times. With increase in meteorological visual range this effect



is lowered. In the case of a change in meteorological visual range from 10 to

100 k. ,he increase in range of system with G - 8 constitutes only 5 kci which

corres.ronds to a growth in quality froa 8 to 9.

The range of active electi )n-optical eyutmee is also noticeably affocted by

the brightness of the background on the screen of the converter, caused LT thermo-

emission of electrons from the photocathode and its gating by radiation of the

searchlight reflected and scattered in the thickness of the atmosphere. Bright noes

of the background on the screen may be noticeably lowered by rational location of

the searchlight and observation instrument, an ilws by coolirg of photocathode.

in the last case, gain in free-space range may be calculated from expression (4]:

r n

(XI.12)

where l, L 2 - free-space range of targeo in an instcurw.t with cooled and uncooled

photocathode, respectively;

S- conversion factor;

r0 - ,lectrcn-optical magnification;

S- density of radiation of observed surface;

R4 - density of radiation of backgrouvw of screen.

19

Fig. XI.7. Rarpg, of active electron-optical systeas
depending upon meteor] 'gical visual range and quality
of systems.
KEY: (a) Range, kI; (b) Meteorological vist.l range.
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Tf active systems are intended not for construction o," image, but for obtaining

some kind of information about the presence of a target (for instance. in range

finders), then, az a rule, pulse irradiation of target is used. Repetition rate of

pulses i-, determined by maximum permissible dissipated power in tube and circuit

a.vý -- , Itcum(xW.13)

wherp f - frequency of repetition of pulses;

C - discharge capacity;

U - voltage to which capacitor is charged.

If radiation intensity of pulse searchlight is J., then radiance of target

will be determined by expression
f• = PUSS •J~m L

"a-- L' (XI.14)

where il, - efficiency of optics of searchlight;

S, - area of light aperture of searchlight;

N. - brightness of pulse tube;

pt- c:oefficient of diffuse reflection of target surface.

Since radiation intensity of target due to reflected radiant flux is

Ji%-SzLfa, then on the sensitive element o- he receiver falls radiant flux 0,,

causing, on output of system, a definite useful signal

-- Lt - -itAS s$ p"II (xI.15)

where p - efficiency of receiving optics;

Sop - area of entrance window of receiving optics;

S4 - area of projection of the irradiated part of the target in a direction

to the receiver.

ýYx P r ess (s T ',) ia basic It- dete-.O,_rn- ragi e o f g puIse optical systems.

However, simultaneously with useful radiant flux 0, on the receiving device falls

also radiant flux from the background, causing noises on output of system, on the

background of which it is necessary to separate a useful signal

_(XI.16)
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where AP- brightness of background;

S- area of spot entering into the geometric ui1ensions of target.

The magnitude of noises is proporticnal in general to the angle of eight of

the receiving system 0, the area of the receiving window of optics 3,, and the

brightness of the background 00

NM -Mas;S. (XI .17)

Consequently, effest-ivene•p of & pulse optical system S/N is determined by

parameters of target, source of radiation, transmitting and receiving optics,

atmosphere, background, and distance

SIN (XI.2.8)

Let us consider expression (XI.iS) for a case when, as a sensitivi element,

is applied a photomultiplier (fM ).

The current of the Flu, because of useful signal 0, and signal from background

040 is proportional to the corresponding radiant fluxes,

The current of noises on output of the amplifier of the receiving system may

be expressed by the following formula:

i.-v!~;A1:.(11.19)
where e - electron charge;

A- pass band of amplifier.

Consequently, the ratio of useful signal to noises may be expressed in the

following wanner: S.

Substituting corresponding values 4, and % and considering that

where SI%- area of radiation source;

1. - focal length of optics of searchlight,

we will obtain the following relationship between signal and oiseos in a pulse
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o~tical system with a photomultiplier as a sensitive element,

;T. 1, . r- - (xz. 26

Setting uF a signal-to-noise ratio necessary for reliable work of the system,

from expression (XI.20) one can determine also its range.

From expression (XI.18) it is clear that noises are proportional the angle

of sight of receiving system 6. So that the receiving system completely perceives

the useful radiant flux, its angle of sighL should be equal or larger than the

angle of radiation of the searchlight. However, in the latter case noises are

increased, and, therefore, it is desirable to have field of sight minimmi, so that

the receiving device takes the smallest possible radiant flux from the background.

If angular dimension of the target (spot) is larger than the angle of sight

of the receiving device, then dimension of spot affecting the receiving device is

S,--L (during small angles of sight). Substituting this value in formula (XI.18),

we will find that effectiverness of a pulse optical device is inversely proportional

to the third power of distance, and no' to the fourth,

(XI.2l)
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CHAFTER XII

COUNTeERACTION TO INFRARED MEANS OF AN ENTrY

1. Met_":ds of Counteracticon

Above it was indicated that passive infrared means of detection, observatlor,

aiming, and guiding are more noise-iymiune as compared to active. Actually, an

enemy is not able to detect the work of a passive system since it does not radiate

any energy into surrounding space. This is one of th( disputable advantages of

rassive systems in general, and inf-ared, in particular, as compared to active,

which for their operation are forced to irradiate target with electromagnetic

en, -y and perceive an echo-sirnal reflected fror. the tarpet.

_n connection with this, it has long been considered that counteraction to

infrared means of an enerny is difficult, although it has been indicated that infrdiredI

equim'ent, as cor-ared to radar, hac a disadvantage with respect to sensitivity tc

false thermal targets [1, 2, 31. Actually, the presence n" a large quantity of

bodies raciatinp infrared beams around a target can lead to the fact that an

infrared system, intended for detection and tracking of a certain target, will !.urn

to tracking a false target. This is esrecially dangerous, if the infrared system

is designel for autonomous guiding of missile to target, with which it is no ]oni-gr

possible to correct trajectory of missile flight.

The second possibility of lowering the effectiveness of instruments of infrart:i

technology is caused by their basic deficiency - the great dependency of efficiency



7-- a ~ wasi re-,. ef'r - an-i

Sr°•-. i r-.f-ared ' ~ give prac!i-afly .-e no iceable advantave over

"The visuai rr'thod of detection anr, therefore, cannot be effectively used. Frccisaly

therefore, in a number of reports [4, 5], for use as measures of counteraction

there are suggested such natural camouflaging mears as fog and overcast.

LonF and successful has been the

work conducted on the creatior of

camouflage means for protection of objects

fn-,m their detection by photographic

infrared equipnent. There have been

developed and used specially colored

materials and camouflage nets, and also
Fig. XII.l. Image of normal
camouflage -.2t in light 1 and paint for the camouflage of objects,
infrared 2 beams.

whose spectral reflectivities in the

visible and infrared regions of the spectrun coincide with the spectral reflec-

tivities of the surrounding background (6, 7, 81 (Fig. XII.i).

This method of counteracting the operation of a narrow group of infrared

instruments can give positive results in the case of camouflage of stationary

objects or moving objects on a uniform background (for instance, ships on a

I ackground of water). The proper thermal radiation of bodies is impossible to

mask by such a method.

Concealing proper thermal radiation of certain objects may be carried out by

a method long known in heat-technology: application of coverings from thermo-

insulational materials and screen devices around protected objects. However, this

method, in spite of its cumbersomeness and high costs, does not resolve completely

the problem of camouflaging even the majority of stationary objects, not mentioning

moving, obects. Moreover, it can, in a number of cases, lead to the disturbance

of thermal conditions of the protected object and as a consequence, to prematurely
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* 'tea',. int',rferencos for ,he operation cf the optical hominr Vuidance syster SOLO

i is ný.cessary, prelininarily, in direct proximity to the Trotected object to

place a svstem of radiation sources, which atcr drop of bomb it is necessary to

transfor slowly away from the object [9), which In practice is very- difficult to

carry out.

'he wide development of means of infrared technolopy, especially sighting

systems and nfrare. homing devices of rocket missiles, has made nece3sary a more

radical resclution of the old problem of "lance and shield", i.e., creation of a

more effective means of protection from instruments of infrared technology.

The entire complexity of the problem at hand consists in the fact that for

the creation of effective interference to infrared instr-uments of detection and

aiming, it is necessary to simulate the thermal radiation of the protected object

both with respect to the intensity and the spectral composition of the radiation

10]. This, even if it may be carried out in ground conditions, will demand huge

expenditures, since in practice the false target should be equivalent to the

protented object in temperature rate, dimensions, and emissivity of material.

The most complieated is the problem of protecting flylng or moving objects,

since on them or near them we can establish bulky installations of counteraction

to infrared inst-umen~s.

Th- first method of protectinp such objects consists in lowering thermal

radiation, i.e., in lowering the temperature of departinp gases, decreasing the

surfaces of high-speed aircraft and rockets, and also decreasing their emissivity.

However, this method is in contradiction to the tactical requirements of aircraft

and their durability and may be applied only in certain specific cases. Actually,

the continuous growth in aircraft speed of flight requires increase in engine power,

3-11



v.:w f P,:aran*eeinw durability of construction, i+ is necessary to have high a

raci~ation factor of skin material. In practice it is possible tr lower the thernnal

radiation of aircraft with artificial cooling of their surfac3 by means of the

introduction of a refrigerant.

Up to now there have been published very few materials shedding light on the

state of works in the region of counteraction to infrared instruments. However,

available short reports about tests of rockets with ;nfrarei hominr devices and

separate fragmentary expressions on questions of counteraction allow us to outline

basic ways of solving the problem at hand. These ways are:

a) improved methods of scattering heat (11];

of
b) maneuvering of target [3, 6];

c) application of small-size, high-intensity sources of radiation in the form PC

cc

of pyrotechnic rockets [12, 13, 14, 15, 16];

d) application of low-temperature sources of interference [10, 13, 14, 17, 18];
ai

e) application of high-speed rockets, released in the direction of an attacking

eneny [13, 14, 15, 19];
a

f) application of artificial dimming of atmosphere [6, 20];
te

g) creatic of special flying apparatuses supplied with radiators and
is

accompanying bombers during their flight above enemy territory [3, 15, 21].
ra

2. Lowerino of Thermal Radiation

re

In the foreign press there have bben published several theoretizcal a-d

experimental works, considering the possibility of lowering the temperature of

the aircraft surface heated both because of the work of the motors because of
ga.a

aerodynamic braking [22, 23].
fil
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C " - - --- 7- 77-If

.6' for coo:ing sirf.cL.;-s r-, aiir-.rif* ,*r

it s always 1,ossible .o obtain iP a,-

# •i ",(•) all heights where aprpicaticn the use of

airbreathing-jet and turbojet engines

JutIwi kay is still possible, and it is not necessary

Fig. XI1.2. Diagram of to have special reserves of refrigerant
convection (1) transpiration
(2) and film (3) cooling, on board, since even without that the
KEY: (a) Hot gas; (b) Cold
air; (c) Hot air. specific gravity of the motor and the

fuel is suff~cie tly great (for contem-

porary aircraft it constitutes 50-70% of the total gross weight). The sucking in

of air ;nd its preliminary cooling, naturally, cause additional consumption of

power and somewhat increase weight of the motor. As compared to other methoas of

cooling this method is more economical.

There are three methods of cooling external and internal surfaces of an

aircraft with the help of air (Pig. XII.2): convection, transpiration, and film.

With the convection method of cooling the flow of the air coolant heads along

a cooled surface of wall. Optimum conditions of cooling, in this case, are de-

tem 4ned by temperature of wall T0 , at which the necessary durability of material

is sti,.L ensured. Coolirig of walls to lower temperatures requires significant flew

rate of air and, consequently, additional expenditures ol Power.

Tffectivenese of convection conling at various relative flow rates of air is

represented in Fig. XII.3.

In Fig. XII.3, as on all subsequent graphs, there is designated:

Tc - temperature of cooled wall, TB - temperature of air, Tr- temperature of

gas, Pv, - average mass speed of air coolant, pro, - averege mass speed of gas

flow, , - thermal efficiency of cooling.
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_ K7ioo.no is increased wih an increase in

011 relative flow rate of air and an increase

A •in Reynolds number and thermal efficiency.

Furthermore, effectiveness of cooling in

the case of laminar gas flow is higher

4 , f 1 4 than during tarrulent flow. From the

,L) curves one may see also that with growth

Fig. XII.3. Effectiveness of
convection cooling, of relative flow rate of air the slope of
a) 1--laminar with radiation;
2--without radiation; j-turbvlent curves decreases. Consequently, during
without radiation; 4-.-with radi-
ation; b) 1--laminar without radi- achievement of a definite magnitude of
ation; 2-with radiation; 3--
turbulent without radiation; 4- relative flow rate of air its increase
with radiation.

will not give a noticeable increase in

effectiveness of cooling.

During transpiration cooling walls have to be prepared from porous materials,

but air coolant should pass through the pores to the hot gas. In this case

Frotective and cooling films are formed on the side of the hot gas, where air

coolant is washed off by gas flow from the surface, just as it emerges from the

pores. This creates a condition of countercurrent between heat removed from the

surface by the air coolant and heat transferred from the hot gas to the wall. The

effectiveness of cooling by such a method increases due to the fact that the area

of contact between the air and the cooled wall is very large. Therefore, the

temperature of the wall will be equal to the temperature of the air, at which it is

washed off from the surface.

Results of research on ans;Aratim cooling, shown in Fig. XII.4, show thaL with

this method of cooling the required relative flow rate of air decreases with an

increase of Reynolds number. Thus, to obtain identical effectiveness of cooling



-~~S i~ v-. *har, i- ring i;r -n.r f2'-w,

- %-rinp f1L'- coclinp air' flowr

through paralll slots of a cool-,i

surface, forming a cold film. This

S4' film gradually is destroyed, as a

"(0) :,zp,•,z#iw• -consequence of which the wall remains

2 4 U U M'1' 0 2 • a a wm"' a j * a a *,J cold only near the slot, graduallv

increasing its temperature downstream
Pip. l.'-11.. Effectiveness

of transpiration cooling. of the gas. lecrease in irregularity
K~F: (a) Lamninar flow without

radiation; (b) Laminar flow of temperature of walls may be
with radiation; (c) Turbulent
flow with radiation, attained by increasing the number of

slots, which is clear from Fig. XIT.5,

where there is given the dependency of flow rate of air coolant with growth in the

number of slots at fixed temperature of wall Tc.

Comparison of the considered

methods of cooling allows us to make

i-ti.-'---the following conclusions:
I7 . '.'Uth thermal coolinp

0-- efficiency iq- and for comparatively

good cooling (T--T.):(T,7-..T.) -0,4,:hz v,/p, r, during convection cooling is required

Fig. XII.5. Effectivene3s almost three times more air than
of film. cooling.
KEY: (a) 'lumber of slots, during transpiration.

2. Film cooling has, over other methods, the advantage that it may be

applied in a majority of practical constructions.
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- r-.:ra ion Lin,. filff -oo0ing 'he" is r~qui"-d a surp-us :_r air rrasb'r- &eve

• rressure in the gas flow. It is true, during convez:tion cooling ther- is

rpquired Freliminary cooling of air heated by aerodyinamic braking.

-ffectiveness of cooling, from the point of view of thermal radiation of the C

aircraft, it is possible to estimate in the example of the convection method of

cooling during turbulent flow of gases, taking into account radiation at Reynolds

number Re = 109. For simplicity of calculation we take %h--. Then for T,0-IOOO"K q

and T,=373°K with ratio(re-T-) :((Tr-T.)-0.4 we obtain temperature of cooled surface

Tc = 624 0K. Consequently, with all other conditions equal, thermal radiation

intensity will decrease 6.5 times, and free-space range of the aircraft - in C

2.55 times.

If, however, under these conditions we attain an increase of flow rate of air :

of 2.5 times, then there can be obtained an effectiveness of cooling equal to b

0.2 (Fig. XII.3 curve 4a). For that case Tc - 498 0K, which corresponds to a t4

decrease in emissive power of radiation of 16 times, and free-space range of f,

4 times. f.

3. Counteraction by' Maneuver

Counteraction by maneuver, attacking the means of the enemy, as a means of 01

aircraft protection has long been well-known. Therefore, naturally, this method st

began to be considered as one of the possible variants of protection even in the br

case of enenq use of instruments of infrared technology, is

The possibility of using (as a measure of counteracting infraL'ed means of the wi

enemy) maneuvering of the attacked target-aircraft is increased by certain af

peculiarities of the application of these means, namely: fi

a) the diagram of thermal radiation of contemporary jet aircraft has a

sharp-directed character; th
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c:n p;

c) atackinp aircraft of an enemy, equirped by infrared 4nstrument. of

detection, aiming, and guiding, as a rmle, have to execute attack of an air target

from the side of its rear hemisphere, i.e., in pursuit. Consequently, their speed

must sipnificantly exceed the speed of the target, and, therefore, their maneuvering

qualities will be worse than for the attacked aircraft;

d) the sharpness of maneuver of high-speed apparatuses is limited by the

C-forces which appear (especially at low altitudes) and the effectiveness of

carrier surfaces and controls (at great heights).

Thus, the maneuvering of the target-aircraft should follow, first, the

creation of conditions of flight for the attacking object, at which G-forces would

be created, causing either oparational breakdown of instruments of infrared

technology or disturbance of integrity of the separate structural units of the

flying apparatus, and, secondly, the creation of conditions of flight for the

flying apparatus with which the effectiveness of controls and its carrier surfaces

would not ensure repetition of the maneuver of the target-aircraft.

Furthermore, maneuvering of the target-aircraft should be aimed at the problem

of maximum lowering of thermal radiation in the direction of attack, since this

still, to a larger degree, will create the prerequisite for appearance of a

breakdown iii the work of instruments of infrared technology. In some works [6] it

is Suggested, before fulfillment of maneuver, to turn off motors, which, naturally,

will lead to breakdown of the work of the infrared equipment and to loss of target

after second starting of motors, already on a new course (the target goes from the

field of sight of the instrument of infrared technology).

Laneuver of the aircraft includes thr-ee basic elements, unequally valued from

the ;pint of view of their effectiveness as a method of counteracting the work of

I~11 -I I I M



inrs'rivrents of infrared tclhnology" change of speed, height, and course of flight.

Thus, a speed change of contempo-ar-1 heavy bombers of LOO-150 k•!hr occurs

for m-2. rain, -when a rocket flies to target after its pick-up by an in?'rir°•,:

hc-nring aevice for only several seconds.

Nuriii?, mareuvering by height with prmservation of the f--- -

rate of clirib of the aircraft will not ensure a fast change of angular direction

t.o target and will not lead to decrease of thermal radiation in the direction of

a~zack. Furthe.-iore, even if a rocket does not produce a direct hit on an aircraft,

it wiil pass near it at a distance sufficient for operation of noncontact electro-

optical detonators and the strike of a target-aircraft by fragments.

Tbviously, the most effective manouver should be a sharp change in the course

of flight of the aircraft with maxim= permissible bank for a given variant of

aircraft load and height of flight. In this case a rocket supplied with an infra-

red hosning device and having a significantly greater speed of flight than the

aircraft must accomplish a turn with a significantly larger radius and, furthermore,

there arlpears the real possibility of loss of target by the inflrare homing device

cue to the sharp decrease of its thermal radiation.

9 iWe will consider as an example

- IN'I.N (Fig. XII.6) the possibility of inter-

4 0centing a maneuvering target with the

t _.V .... help of an antiaircraft guided missile

under the following conditions:

0 height of flight of aircraft H
4a

rig. XII.6. To calculate guiding 20,000 M,;
of rocket to a maneuvering target. a

speed of flight of aircraft v.
rS,'- ) rn /,ec

a
sreed of rocket vp = 700 m/sec;

a
weight of rocket P 1 OO kg;

thrust of motor F = 2000 kg;

l~~~~~ | 11



rermissible G-forces n = 1000 g.

20 sc after launching rocket, aircraft at point B makes a 300 turn, continuing

flight in direction BC. locket during this time was at point E at distance 11.2 ki'

fromn calculating point of encounter D. The homing device affecting rocket controls

deflects its flight trajectory by an 110 angle in direction EC. If one were to

consider approximately the length of the arc along which flight of the rocket

continues an equal to chord M, then it is possible to calculate the necessary

radius of turn of the rocket so that it gets to new point of encounter C:
13 -. $57.3

R -u 1---- 34 xx.

Permissible radius of turn of rocket can be -alculated by the formula

where a - angle of displacement of rocket from initial direction of flight, at

which G-forces are developed not higher than permissible.

In case n 1 1000 g a= 150. Then

Comparing permissible radius of turf of rocket with necessary, it is possible

to say that during maneuver of target with a 300 turn, in given conditions an

encounter of missile and target will not occur.

Prom all considered it is clear that in certain cases maneuvering of aircraft

can render counteraction to an attacking enew using instrunents of infrared

technology.

It is necessary, however, to consider that time in making the maneuver and

its sharpness are determined by speed and heignt of flight and gross weight of

aircraft. With growth of speed and height of flight maneuver of aircraft becomes

all the more inert and is characterised by a large radius of turn. This, in a

number of cases, can set up a more profiAtable position for the attacking apparatus,

and the attacked finds At all the more difficult to depart from under the blow by

an energetic maneuver.
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'"onsiderino the above-statud, maneuvering allows us, in a number of cases, tc

Yreak up enemy attack, but not always can it lead to the required effect.

4. Artificial Sources of Infrared Radiation

Tn the process of tests of rockets of the "air - air" class with nf-rrrei

homing devices in the United States and England it was noted that rockets, with

preat accuracy (up to direct hit), were led by these heads to an imitator of (

thermal radiation of an aircraft, utilized during tests as a target. Thus, during

tests of the rocket "Sidewinder" its thermal head led the rocket to target wiLh

such accuracy that the last one knocked off an illt-inating rocket secured on a 2

winp cantilever of a fl,-tnp target1 F-9-F, without striking the actual target [i2].

Furthermore, a large quantity of "Falcon" missiles GAR-2A with an .-i-ared homing a

device was tested iith illuminating rockets as targets [15]. C

These tests allow us to make the conclusion that an aircraft subjected to c

at.tac'-< by rockets with 'nf'r~'-e i homing devices, can protect itself by releasing b

some kind of powerful source of Aight and thermal energy [P3, 14), which will force h

'the deviation of the follow-up system of the missile and lead it away from the r4

bomb run. It is characteristic that in literature dedicated to the counteraction so

of infrared means [16], there is noted a necessity for the creation of small-size, 5(

high-temperature sources of interferences, whose radiation intensity (integral)

would simulate the radiation of jet engines ard liquid-fuel rocket engines, even G

though they have a very short time of action. at

"*aturally, such high-intensity radiators as illuminating or signal rockets tt

with small burning time, whose purpose is to attract the attacking rocket, must be

not be in operation while on board the protected aircraft. They must, while Iw
burning, be outside the aircraft, more correctly - between the aircraft and the he

attacking rocket, and at a distance that will protect the aircraft from being hit in

by fragynents during explosion of rocket. (F
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In 1957 there was launched an English rocket with an r'r' homing device,

the "Firestreak," on a heat source slmulatirg tha radiation of ai aircraft with a

Surbojef enpine [17]. As a source of radiation, on the towed target was applied a

wire frame through whl h current was passed. Although the emissive power of the

radiation of such an "electrical stove" is unknown, the launch of the rocket

passed successfully, since there was a direct hit on the target with the heat

source.

With a known relationship of distance@ between an aircraft, the heat source,

and the rocket, irradiance of an infrared homng device from a comparatively

low-capacity heat source will be larger than from the powerful heat source wbich

is the aircraft, remote from the rocket at a comparatively large distance. Not

accidentally, therefore, in the article 'Development of Rockets of the "Air - Air"

Class in the United States" (3) in it indicated that, along with other methods,

counteraction of a bomber to rockets will be carried out by setting up thermal

baits. Moreover, in the United States [10) the firm United States Flare Association

has begun the serial manufacture of light weight, small-size sources of infrared

radiation, intended for installation on target airplanes. The power of these

sources in a wive range of 0.75-7 u constitutes, depending upon dimensions,

500-2,500 w with duration of action 4 minutes.

Having now data on emissive power of radiation of a heat source of radiation

(2,500 w) and astfinating, tentatively the power of thermal radiation of an aircraft

at 25,000 w, it is .ossible to estimate from what distance the effectiveness of

the heat source with respect to its effect on the infrared homing device will

become larger than the effectiveness of the radiation of the towing aircraft. We

will assume that the distribution of radiation energy in space at the source of

heat and for the aircraft is equal, and the ratio of their radiation intensities

in the direction of attack is equal to the ratio of emissive power of radiation

(Fig. xiI.?).
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SDuring equality of irradiance of the ,nI'rrtrt-: homing device from the towed

heat source and the aircraft, equality is valid (if one ignores the coefficient of r
S

'-ansrarency of the atmosphere)

since 1-

r

then 0

•=A" c

Consequently, if one were to take LI = 660 m, then L2  220 m, and towing

distance of the source of thermal radiation will be equal to 440 m. Starting at r

this distance (660 m) from the aircraft, effectiveness of the action of the a

thermal radiation source will be continuously increased as compared to the w

eff'!ctiveness of the radiation effect of the aircraft. Thus, for instance, at a

distance of 540 m from the aircraft (L2 = 100 m) irradiance of the :nfrared homing t

device from the towed heat source will be " times larger than from the radiation bý

of the aircraft. n,

Aerodynamic heating of the surface r

_ _ _ __-4 of high-speed rockets and also the S:

powerful thermal radiation of their

Fig. XII.7. Calculation of the torch in the active section of flight s:
effectiveness of the towed thermal
trap. Live allowed the assumption that aircraft

subjected to the attack of missile with 'rfrared homill devices can render

counteraction to them by releasing in the direction of the nearing rocket a

counter-rocket whose thermal radiation will force the infrarei homing device to

deviate fran the basic course of tracking [13, 14]. in practice this assumption oi

has been confirmed during tests of the "Falcon" rocket GAR-2A with respect to at

hiph-sreed rockets and "Yatador" missiles [151. Moriover, the sensitivity of ar

`;,•rei homing devices to the thermal energy of radiation of high-speed rockets fi

322



allowed an assumption on the possibility of using their heat for guiding anLi-

'dhile evaluating the data of the report and recognizing the possibility nf

clearly pronounced counteraction to infrared means of an enemy with the help of

high-speed rockets released in the direction of the nearing enemy, it is impossible

not to note the fact that the high cost of rockets arnd their very limJted supply

on board the aircraft, obviously, will limit their application as a means of

counteraction to only exceptional cases.

Simrpler and the least expensive of all the considered artificial sources of

radiation may be the method of crei.ting artificial dimming of atmosphere between the

airnraft and the attacking enemy with the help of substances, which upon combininrp

with atmospheric oxygen separate a large quantity of heat.. In one of the reports

.2C] there was indicated the creation of a special tracer for tracking flight of

the target-missile "Aeromarker", giving a bright flash and a cloud of dense sirok,?,

by which occurs tracking of the flight trajectory of a target-missile. It is

noted that the forming cloud well reflects the electromagnetic oscillations of radar

r-anpe and serves as a source of thermal radiation, useful for guiding infrared

systems.

If one were to consider that with this, thermal radiation of the aircraft is

simultaneously camouflaged, then the possibility of using tracers for counteractinp

infrared means of the enemy will become evident since under the cover of such a

"smoke curtain" an aircraft can accomplish a maneuver and emerge from under atLack.

As a disadvantage of such a form of counteraction one should consider the th

dependency of the stability of a cloud of smoke on the dimensions of the generators

of its particles and the speed of flow of air masses. In spite of this, such mo

artificial smoke clouds, simultaneously camouflaging thermal radiation of an object

and being a source of thermal radiation, obviously, will nevertheless be able to

find application because of their simplicity, cheapness, and the Possibility of



cof rrultiple setting. It is known that in the United States there has beer. develored

a cheaT method of obtaining pure titaniumi tetrachloride, which is an effecjtive th

smokepenerating substance with good weakening of radiation to 6 u [27].

Of interest also is rese&rch in the region of protection from rockets and

reconnaissance artificial earth satellites by means of atomizing in their way

clouds of sand or small steel pellets. Pvring collision at proat speed of a

nissile or satellite with such particles destruction should occur, in the first

ilace, of the least durable cowl of the thermal head of the missile or the actual

body of the satellite [30, 9] which will lead to their destruction (Fig. XII.8).

Bringing to a close consideration

9• of the question about 'he application of'

artificial sources of radiation as measures
Hot

of counteracting infrared means of an

Fig. XIi.8. Protection of a enemy, one should mention the intense
bomber with the help of a
cloud of small steel pellets. developments in pilotless carriers of

.. . -. - -- -these interferences. Such carriers, at

L ~N~Jj~the needed moment, are released from

I .w- aboard an aircraft and distract to

; themselves missiles with infrared horing

•_ • devices.

Fig. XII.9. False thermal In the United States there has been
target "Firebee," 1 sosjenied
., : -e r .- craft. developed the false thermal target

'Firebee," a gliding or remotelý controlled flying apparatus launched from land,

the deck of a ship, or an aircraft with the help of solid-propellant boosters.

-hermal radiatcrs are placed on consoles and are switched on automatically at the

moment of launching target (Mig. XII.9).

It ij known also that in the United States there has been developed a special

missile XKDT-I as a high-speed flying target for tests of "air - air" missiles 4ith
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",'..... homing devices [28j. 7t may be used also as a false thermal tarpet for

"the p-rotection of ground a- air objects.
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